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THE CLIMATIC, BIOTIC AND TECTONIC EVOLUTION OF THE PALEOGENE RENOVA
FORMATION OF SOUTHWESTERN MONTANA

Chairperson: Marc Hendrix
The Renova Formation of southwestern Montana contains an important record of
Paleogene floral, faunal, climate and tectonic change in the northern Rocky Mountains.
The period between the end of the early Eocene and the early Oligocene (~49-32 Ma)
was a time of rapid and far-reaching climate change. This period saw the end of global
greenhouse climate and the establishment of icehouse conditions across the Earth. These
changes led to profound alterations in both marine and terrestrial ecosystems. This study
examines the late Eocene/early Oligocene history of the northern Rocky Mountains by
means of an integrated study of the sedimentology, tectonics and fossil content of the
Renova Formation.
The first part of this study examines plant fossils found in the Renova Formation
in order to examine changes in the composition of the vegetation across the late Eocene/
early Oligocene (E/O) boundary. Plant remains are an effective proxy for climate and are
used to estimate multiple climatic parameters across the E/O boundary. The second part
of this study examines the paleotopography and paleodrainage patterns of the basins
which accumulated the Renova sediments. This is accomplished by a combination of
sedimentary facies and detrital zircon analysis. The third part of this study examines the
tectonic underpinnings of Paleogene southwestern Montana through a combination of
geologic field work and geodynamic modeling.
The results of this study indicate that a seasonal summer dry climate became
established in the northern Rocky Mountains by early Oligocene time. This is indicated
by the elimination of subtropical plant species, the establishment of dry-adapted species
and by paleoclimate parameters calculated from leaf physiognomy. Geodynamic
calculations and field data indicate that the Renova Formation was deposited in a series
of sub-basins separated by relict paleotopography and inverted topography formed by
contemporary lava flows. Normal faulting was not active until the middle Miocene
initiation of regional extension. Accommodation space for the deposition of Renova
sediments was formed primarily by differential erosion of pre-middle Eocene rocks.
Climate change and influx rates of volcaniclastic sediment were also important controls
on the evolution of the intermontane basins of southwestern Montana.
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The Eocene/Oligocene Transition - a Global Climate Tipping Point
Introduction
The middle Eocene to early Oligocene (~49-32
Ma) was the most fundamentally important
period of global climatic and biotic change
during the last 65 m.y. (Frakes et al., 1992;
Prothero, 1994 & 2003; Zachos, 2001).This time
period encompasses the transition from the
greenhouse climate and predominately
subtropical and tropical ecosystems of the early
Cenozoic to the global icehouse climate and
ecosystems characteristic of the late Cenozoic,
up to and including the present. This transition
was accomplished by a series of stepwise
changes, some more wide-ranging and longerlived than others, which began immediately
following the early Eocene climatic optimum
(~55-54 Ma). Proposed causal mechanisms for
these changes range from plate tectonic
reorganization of the continents and ocean
basins to extraterrestrial bolide impacts.
This study aims to decipher the climatic,
biotic and tectonic changes which took place
during the Paleogene in the northern Rocky
Mountain region of North America and to place
them in the context of the geography,
topography and geodynamic regime of the
time. This section serves as a general
introduction for the papers which follow and
will summarize what is currently known of the
global climatic, biotic and tectonic events of the
Eocene- Oligocene transition period with
particular emphasis on events on land. Before
reviewing the profound changes which occurred
in the climate, flora and fauna of the
Eocene/Oligocene, events in the abiotic realm
need to be addressed. In particular, changes in
continent and ocean basin configurations and
interconnections caused by tectonic plate
movements, and collisions of extraterrestrial
bodies with the Earth will be examined as these
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represent important potential triggers for the
changes in climate and biotia which occurred
throughout the Eocene and into the early
Oligocene.
Shifting continents and ocean gateways
Several important changes involving the relative
positions of continents and the
interconnections between ocean basins
occurred during the Eocene and Oligocene.
Three of these changes are of particular
significance – the initial stages of the collision of
India with Asia (Hahn & Manabe, 1975;
Ramstein et al., 1997; Sorkhabi & MacFarlane,
1999), the progressive closing of the Tethys
seaway between Eurasia and Africa/Arabia
(Ramstein et al., 1997; DuPont-Nivet et al.,
2007; Jovane et al., 2009) and the growing
isolation of Antarctica caused by the initiation
of an open seaway between Australia and
Antarctica (Exon et al., 2002). This last event
eventually resulted in the formation of the
Antarctic Circumpolar Current which thermally
insolated Antarctic from warm tropical currents
and was a significant factor in the growth of
permanent ice sheets on the southern
continent.
Prothero (1994 & 2006) advances the
following scenario for the global cooling and
drying which occurred from middle Eocene to
early Oligocene time. In the early Eocene,
Australia and South America were still attached
to Antarctica and the waters of the South
Pacific and Atlantic mixed with equatorial
waters which served to moderate temperature
extremes between high and low latitudes. By
the middle and early late Eocene, ocean
seafloor spreading began to separate the
remnants of Gondwana although deep water
flow was still blocked from the South Pacific by

the South Tasman Rise (Kennett et al., 1975;
Murphy & Kennett, 1986; Kamp et al., 1990).
Continued spreading enlarged the seaway
between Antarctica and Australia and by the
early Oligocene this, coupled with the
expansion of the Drake Passage between
Antarctica and South America, led to the
isolation of Antarctica from the influence of
equatorial heat flow. The sudden expansion of
glacial ice and the widespread Oligocene marine
unconformity, evidence of severe global sea
level fall, suggest that a new phase of global
ocean circulation, dominated by the Antarctic
Circumpolar Current, had begun (Zachos et al.,
1992; Ivany et al., 2006).
Many authors (Kennett, 1977, 1978,
1980; Murphy & Kennett, 1986; Kamp &
Barrett, 1975; Kamp et al., 1990; Exon et al.,
2002) have attributed widespread glaciation to
massive cooling caused by the initiation of deep
water circulation around Antarctica and
possibly also to changes in precipitation
patterns over the South Pole (Bartek et al.,
1992; Prothero, 1994 & 2006). This cooling may
have been augmented by the addition of Arctic
waters to the North Atlantic through the
Norwegian-Greenland Sea which also began
opening in the early Oligocene (Talwani &
Eldholm, 1977; Berggren, 1982; Miller &
Thomas, 1985; Miller, 1992; Davies et al., 2001)
and the expansion of ice on Greenland (Eldrett
et al., 2007). Once established, the Antarctic
Circumpolar Current locked in cold air and
water around Antarctica and inhibited mixing
with warm equatorial currents. Circulation of
the Antarctic Circumpolar Current causes
induced upwelling of deep water which cools
and sinks to create deep, cold bottom waters
which flow north and drive the modern oceanic
thermohaline circulation system (Miller et al.,
2009). Additional factors which may have
amplified the climate changes related to plate
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tectonic motion include increased silica
weathering caused by the Himalayan orogeny
(Ruddiman & Kutzbach, 1991; Raymo &
Ruddiman 1992), changes in the carbon dioxide
composition of the atmosphere possibly linked
to seafloor spreading rates (Berner et al., 1983;
Pearson & Palmer, 2000; Pagani et al., 2005)
and massive basalt volcanism in the Ethiopian
Traps which peaked between 35 and 25 Ma
(Rampino & Stothers, 1988).
Eocene impact events
During the middle late Eocene, a series of
relatively closely spaced impact events
perturbed the Earth’s physical and biological
environments. The two largest of these events
were the 35.5 Ma Chesapeake impact event (85
km diameter crater) off the eastern seaboard of
North America and the 35.7 Ma Popigai impact
event (100 km diameter crater) in Siberia
(Koeberl, 2009). Several smaller impact craters
are also known from the late Eocene such as
Mistastin Crater in central Labrador (37 Ma – 28
km diameter), Wanapitei Crater also in Canada
(37.2 Ma – 4 km diameter), and several others
of possible late Eocene age (Koeberl, 2009).
Following the general acceptance of the end
Cretaceous impact theory, a terminal Eocene
impact event was proposed by several authors
(Poag, 1999). However, more recent research
on the timing of the Eocene impact events and
the nature and duration of the
Eocene/Oligocene climate and extinction events
throws doubt on a simple causal link.
The timing of the impact events
appears to be too late for the major changes
which occurred across the middle to late
Eocene boundary (~41 Ma) and too early for the
changes which occurred in the earliest
Oligocene (~33 Ma). Climate and biotic change
during the late Eocene were drawn out over its
entire 3 m.y. duration and there is no close

correlation with the timing of the impacts
(Prothero, 2003). Preferential extinction of coldintolerant taxa suggests an extinction
mechanism related to the growth of Antarctic
ice, cold bottom currents, changes in ocean
stratification and the magnification of climate
change by wide continental interiors and
orogenic barriers (Prothero, 1994 & 2003).
However, some authors (Poag et al., 2003;
Coccioni et al., 2009; Brown et al., 2009) have
suggested that the closely spaced nature of the
impact events may have led to an amplification
of their effects which, in conjunction with
feedbacks to the Earth’s climate system,
contributed to long-term climatic deterioration.
Global patterns of vegetation and climate
The Earth entered a period of extreme
greenhouse climatic conditions during the early
Eocene. Ocean circulation was sluggish and not
thermally stratified; rather, it was warm and
saline even at the ocean bottom (Prothero,
1994). Tropical vegetation extended far into
high latitudes with subtropical/warm temperate
vegetation present along the coast as far north
as Alaska, northern Canada and Greenland
(Graham, 1999). Fossil plants in Wyoming,
North Dakota and Montana suggest a dense
tropical forest with mean annual temperature
(MAT) as high as 21⁰C (70⁰F) and cold month
mean temperature of only 13⁰C (55⁰F) (Hickey,
1977; Wing & Greenwood, 1993; Wing, 1987 &
1998; Graham 1999 & 2011). Mean annual
precipitation (MAP) was also high, with MAP
exceeding 150 cm (60 in) on the Gulf Coast of
North America where dense tropical forests and
mangrove swamps (27⁰C MAT) were present
(Berry, 1914 & 1916; Graham, 1999). Broad leaf
evergreen forests covered the warm and wet
West Coast as far north as southeast Alaska
(Fredericksen, 1991; Wing & Greenwood, 1993).
In Europe, the London Clay paleoflora
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(Collinson, 1983; Graham 1999 & 2011)
preserves a flora whose living relatives are
located in tropical Southeast Asia (25⁰C MAT).
Broad leaf evergreen floras were also present
above the Arctic and Antarctic circles despite
the occurrence of 6 months of darkness. Mean
average temperatures above latitude 61⁰N in
Alaska are estimated at 18⁰C (65⁰F). Ellsmere
Island in the Canadian Arctic yields fossil Eocene
alligators, turtles and lizards which cannot
tolerate freezing temperatures (Estes &
Hutchinson, 1980; Prothero, 2003). A similar
pattern of high latitude warmth holds in the
southern hemisphere (Crouch & Visscher, 2003;
Greenwood et al., 2003).
These global greenhouse conditions
began to steadily deteriorate throughout the
middle Eocene, accelerating through the late
Eocene and entered a new phase of icehouse
climate in the early Oligocene. Carbon dioxide
in the atmosphere was sequestered, primarily
in coal deposits, at an accelerated rate (Pearson
& Palmer, 2000). In North America, MAT
declined from 30⁰C to 21⁰C on the Gulf Coast
and from 24⁰C to 17⁰C in northern California
throughout the middle Eocene (Wolfe, 1978).
Early middle Eocene floras show the beginning
of seasonally dry climates over much of North
America and the expansion of deciduous taxa
including species of laurel, oak and walnut
(Wolfe, 1986 & 1992, Wing, 1987; Graham 1999
& 2011; Prothero, 2003). In the Pacific
Northwest, equable late middle Eocene
paratropical forests (20-25⁰C) gave way to a late
Eocene mixture of broad leaved evergreen,
deciduous and coniferous forest (15⁰C) growing
in a much more seasonal climate (Wolfe, 1971,
1978 & 1990; Wing, 1987; Meyer &
Manchester, 1997; Myers, 2003). Global
temperatures rebounded in the latest Eocene,
leading to a temporary resurgence of
subtropical/tropical vegetation in some areas

(i.e. Oregon – Wolfe, 1971; Meyer &
Manchester, 1997; Myers, 2003).
During the early Oligocene, the global
climate apparently crossed a critical threshold
from which there was no point of return and
global icehouse conditions were established
with the formation of permanent continentwide ice caps in Antarctica (Oi-1 marine oxygen
isotope event), cold bottom waters which sink
and flow northward from Antarctica, increased
ocean stratification and a sharp ~2⁰C global
temperature drop (Prothero, 1994). Marine
isotope records, measured in marine
microorganism shells recovered from deep
ocean cores, largely confirm the climate trends
seen on land with a few significant differences.
One of the most important differences is that,
in the marine realm, the middle/late Eocene
boundary is a much more important event than
in the terrestrial record (Berggren & Prothero,
1992; Ivany et al., 2003). The terminal middle
Eocene was the most severe marine extinction
event of the Cenozoic, which wiped out an
enormous number of tropical species and
fundamentally rearranged marine ecosystems
(Ivany et al., 2003).
In contrast, marine extinctions across
the Eocene/Oligocene boundary were of
considerably lesser importance compared to
extinctions in terrestrial ecosystems (Berggren
& Prothero, 1992; Graham, 1999). Early
Oligocene floras were characterized by the final
elimination of subtropical and tropical forms
from middle and high latitudes and their
replacement by deciduous forests better
adapted to cooler and drier conditions
(Graham, 1999 & 2011). Coniferous forests,
especially in high latitudes and elevations, also
expanded markedly along with grassland and
mixed woodland habitats (Wing 1987; Graham,
1999 & 2011). The early Oligocene also
witnessed the elimination of archaic mammal
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lineages both in North America, where they
were replaced by the White River Chronofauna,
and in Europe, where during the ‘Grande
Coupure’ highly endemic mammal species,
formerly isolated on an archipelago of islands,
were decimated by immigrant mammal groups
after the dramatic Oligocene sea level fall
(Berggren & Prothero, 1992; Prothero, 2003).
Eocene/Oligocene transition in the northern
Rocky Mountains
Unlike the well-known Eocene/Oligocene
sedimentary and paleobotanical record on the
West Coast, Gulf Coast and in the southern
Rocky Mountains, data on the Eocene
/Oligocene transition period in the northern
Rocky Mountains is scanty. The one exception is
the field of mammal paleontology, as several
classic fossil mammal localities (Pipestone
Springs; Sage Creek) are found in southwestern
Montana (Tabrum et al., 1997 & 2002;
Woodburne, 2004). The biostratigraphy of
these mammal sites (as expressed by the North
American Land Mammal Age (NALMA) system)
indicate that the Chadronian (late Eocene) and
Orellan (early Oligocene) NALMA are wellrepresented in southwestern Montana.
Fossil plant material is common in
Renova sediments, especially in ancient lake
deposits. Paleofloras from two areas in
particular, the Fossil Basin and Beaverhead
Basins localities, were described and
categorized by Becker (1960, 1961, 1969, 1972
& 1973). However, the work of Becker was
primarily focused on the taxonomic
relationships of the various fossil specimens and
not on their environmental implications.
Moreover, since the publication of these
monographs half a century ago, the correlation
of the NALMA and geologic time scales has
been significantly modified (Prothero, 1995).
The Chadronian NALMA, once considered

Oligocene, is now assigned to the late Eocene
and the Orellan is now considered to represent
the early Oligocene. These changes to the
correlation between the standard geologic time
scale and the NALMA are based on
magnetostratigraphy and 40Ar/39Ar age dating of
tuffs from classic fossil mammal localities in the
Great Plains (Prothero, 1995). The significance
of these chronological changes for this study is
that the paleofloras of southwestern Montana,
found in Orellan and Chadronian fossil bearing
strata, likely preserve a record of late Eocene
/Oligocene climate and vegetation in the
northern Rocky Mountains.
In addition to these climate and
ecosystem changes, southwestern Montana is
also a critical area for studying the Cenozoic
transition from compressional to extensional
tectonics in western North America. During the
late Cretaceous, southwestern Montana was
subjected to thin-skinned Sevier-style thrust
faulting, basement involved Laramide-style
faulting and subduction related igneous
intrusion. The main belt of crustal thickening
and igneous intrusion occurs west of the study
area in Idaho and extreme western Montana.
This area of maximum crustal thickening and
deformation underwent extensional collapse
and extension related volcanism (Challis
volcanic field) in the early Paleogene. However,
the contemporary “Renova Basin” east of the
Sevier overthrust belt preserves a significantly
different package of sediments and geologic
features. This has led to controversy
surrounding the factors governing the evolution
of the “Renova Basin”, in particular the role of
active normal faulting in the development of
accommodation space for sediment deposition.
Fundamental issues concerning the geodynamic
state of the lithosphere of southwestern
Montana need to be addressed before this
issue can be resolved.

5

Working Hypotheses
Using the above criteria as a guide, this study
seeks to test the following working hypotheses:
1) The sediments and fossils of the Renova
Formation represent a high resolution proxy
record for regional climatic, environmental
and biotic change across the late Eocene
/early Oligocene boundary. Specifically, a
cooler and drier Oligocene environment,
consistent with global trends, is predicted for
the northern rocky Mountain region.
2) In agreement with some published models
(Sears & Fritz, 1998; Sears and Thomas,
2007), the initial development of the
intermontane basins of southwestern
Montana occurred in the absence of active
extension. The widespread middle Miocene
angular unconformity represents the
initiation of normal faulting in southwestern
Montana. However, the “Renova Basin” was
not a flat, unitary volcanic plateau.
Paleogene southwestern Montana was
divided into discrete subbasins separated by
relict paleotopography inherited from earlier
periods of orogenesis and by contemporary
topographically inverted volcanic flows.
3) The Paleogene development of the
intermontane basins of southwestern
Montana was conditioned by the earlier
geologic history of the region, and in turn,
events during the Paleogene set the stage
for the subsequent evolution of
southwestern Montana. Ideally, any
hypothesis which seeks to explain basin
development during the Paleogene should
also provide insight into the earlier and later
evolution of southwestern Montana. It is
contended here that differences in

gravitational potential energy, largely controlled
by the gross structure of the lithosphere,
provide a consistent theoretical framework

which explains the forces controlling the
Cenozoic development of the intermontane
basins of southwestern Montana.
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SECTION 1 – Paleobotany and Paleoclimatology
The following paper (Lielke et al., 2012) is an examination of the floral changes which occurred
in the northern Rocky Mountains across the Eocene/Oligocene boundary and during the period of early
Oligocene climatic deterioration which coincides with the Oi-1 marine oxygen isotope event. The Oi-1
event is generally correlated with the initiation of continent wide glaciation in Antarctica and the
beginning of a global icehouse climate mode. The paleofloras of southwestern Montana are particularly
interesting as a snapshot of this transition period as they date to late Eocene and earliest Oligocene time
and occupy an important geographic position relative to the well-studied Eocene/Oligocene floras on
the West Coast (Bridge Creek, Puget Group) and in the southern Rocky Mountains (Florissant, Creede).
These paleofloras also occur in an area of high relief, so specimens from multiple altitudinal zones are
preserved in lacustrine deposits. These circumstances make the paleofloras of southwestern Montana
an important representation of the transition between Paleogene coastal and inland floras and between
the Paleogene northern and southern Rocky Mountains. Since the earliest examples of modern Rocky
Mountain coniferous forest also come from this region (the Eocene Republic and Thunder Mountain
floras of Idaho and east-central Washington), the southwestern Montana paleofloras also demonstrate
the late Eocene and Oligocene spread of the ancestral Rocky Mountain coniferous forest association
from the high altitude refugia they occupied during unfavorable early Paleogene greenhouse conditions.
Arid elements, which originally occupied the dry leeward side of high topography during the middle
Eocene, coalesced to form the xeric (dry-adapted) plant association which extended down the spine of
the Rocky Mountains from southwestern Montana to the Colorado Florissant locality and beyond.
This paper uses statistical analysis of the familial composition of the plant fossils to determine
the nearest living analogs for the Paleogene environments they occupied. Qualitative analysis of the
plant associations present in these various paleofloras (dry-adapted, aquatic, high altitude coniferous,
deciduous forest etc.) was also performed in order to study their habitat preferences and changes in
their composition over time. These qualitative methods are combined with quantitative leaf morphology
analysis which is used to calculate new equations for multiple paleoclimate parameters (mean annual
temperature (MAT), mean annual precipitation (MAP) etc.). Mean annual temperature estimates, in
conjunction with previously published MAT estimates for the well-studied Pacific Coast paleofloras were
used to estimate the paleoaltitude of southwestern Montana during the Paleogene. In addition to their
inherent scientific interest, paleoaltitude estimates are also important for interpreting the vegetation
and climate patterns of the region.
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Reconstructing the Environment of the Northern Rocky Mountains during the
Eocene/Oligocene Transition: Constraints from the Paleobotany and Geology of
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Abstract. The fossil floras of southwestern Montana, U.S.A. contain an important record of climate and biotic change in the
northern Rockies across the Eocene/Oligocene transition. Paleogene climate and biotic evolution in the northern Rocky
Mountains is poorly known compared to central/southern Rockies (Florissant) and Pacific coast (Bridge Creek) localities even
though this area is of critical importance as a Paleogene ecotone between the central Rockies and Pacific coast regions and
between contemporary high and low elevation vegetation. Statistical analysis of fossil leaf morphology and the distribution of
plant taxa at the family level were used to estimate paleoclimate parameters and to determine nearest living analogs for the
paleofloral associations of southwestern Montana. Paleoclimate estimates indicate moderate cooling and a pronounced
summer drying trend associated with the establishment of widespread Antarctic glaciation in the early Oligocene. The
taxonomic structure of the floras of southwestern Montana changed from warm temperate/subtropical taxa to warm/cool
temperate taxa including a pronounced xeric (dry-adapted) component across the Eocene/Oligocene transition. Early Oligocene
paleoelevation estimates vary from ~ 2.5 km in the east to ~ 1.5 km in the west coincident with a previously interpreted
Paleogene rift valley system.
KEYWORDS: Montana, Eocene/Oligocene transition, Paleoclimate, Paleoelevation, Paleofloral evolution, Multivariable statistics

INTRODUCTION
The period encompassing middle Eocene
to early Oligocene time was a critical
transition period for terrestrial climate and
biotic evolution. This era witnessed the
gradual deterioration of worldwide
greenhouse climatic conditions and the
slow stepwise cooling and drying of the
global climate culminating in the full
continental glaciation of Antarctica during
the early Oligocene and the beginning of
global icehouse conditions (Prothero, 1994;
Zachos et al., 2001; Ivany et al., 2006). In
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western North America, Paleogene climatic
shifts were accompanied by profound
regional changes in terrestrial vegetation
and dependent biological systems (Wing,
1987; Graham, 1998 & 2011). The
mechanisms by which climate change in the
northern Rockies promoted the
deterioration of Eocene ecosystems and
facilitated the establishment of early
Oligocene vegetation of more modern
aspect are largely unknown. The late
Eocene/early Oligocene paleofloras of
southwestern Montana, U.S.A. have the
potential to illuminate how climate change

promoted biological adaptation and helped
to create modern ecosystems.
FOSSIL FLORAS OF SOUTHWEST MONTANA
Fossil plants in southwestern Montana,
U.S.A. are found in the lacustrine, fluvial
and paludal sediments of the Paleogene
Renova and Medicine Lodge Formations
(Figure 1). Although the same sequence of
strata is not present in every basin (Figure
2), age determinations from
biostratigraphy, magnetostratigraphy and
radiometric dating suggest a predominance
of late Eocene and early Oligocene
sediments (Chadronian, Orellan and
Whitneyan North American land mammal
ages (NALMA)). Biostratigraphy and
magnetostatigraphy from the Sage Creek
area east of Dell, Montana indicate that the
Eocene-Oligocene (E/O) transition is locally
preserved in the Paleogene sediments of
southwestern Montana (Tabrum et al.,
1997). Paleobotanical remains from
southwestern Montana have the potential
to document vegetative and climatic change
within the North American continental
interior during this important transition
period.
In southwestern Montana, two areas in
particular host abundant, well-studied
paleobotanical remains – the Fossil Basin
area in the Upper Ruby River Valley (Becker,
1960, 1961, 1964, 1972 & 1973) and the
Beaverhead Basins area west of Clark
Canyon Reservoir (Becker, 1964 & 1969).
The Fossil Basin area contains four
paleofloras located at different stratigraphic
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levels. These are, in order of decreasing
age, the Mormon Creek, Metzel Ranch,
Ruby and York Ranch paleofloras. These
four fossil floras occur in a remarkably small
area of only a few km2. The Beaverhead
Basins fossil material was subdivided by
Becker (1969) into three florules which are
treated as separate entities here. These are,
in order of decreasing age, the Christensen
Ranch, Horse Prairie and Medicine Lodge
floras which are located in three small areas
each separated by about ten kilometers.
These seven paleofloras appear to
straddle the E/O transition and therefore
provide critical constraints on Paleogene
climatic and biotic change in the North
American continental interior. In the Fossil
Basin area, the oldest assemblage, the
Mormon Creek flora, occurs in fluvial
overbank mudstone of the Climbing Arrow
Member of the Renova Formation which
contains early Chadronian NALMA fossils
(late Eocene) stratigraphically below the
fossil plant horizon (Monroe, 1976 & 1981).
This paleoflora likely predates the final
climatic deterioration at the E/O boundary.
The Metzel Ranch flora occurs in
lithologically identical mudstones near the
top of the Climbing Arrow Member,
stratigraphically close to the lacustrine
laminated shales which house the Ruby
flora. Previously, the Ruby laminated shales
were wrongly assigned to the Passamari
Member of the Renova Formation which is
of known early Miocene age (Monroe,
1976). This improper age assignment led
earlier authors to wrongly conclude that the
Ruby flora was the youngest of the four
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Figure 1
Geologic map of southwestern Montana, USA. Bold faced letters indicate fossil plant localities – BB = Beaverhead
Basins area west of Clark Canyon Reservoir & FB = Fossil Basin locality in the Upper Ruby River Valley (Modified
from Portner, 2003). Eocene/Oligocene aged strata are light brown/tan on this map and Paleogene volcanics are
purple.
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Figure 2
Stratigraphy of the Paleogene Renova Formation and Medicine Lodge Beds Formation in southwestern Montana and
eastern Idaho. Chronologic data included for absolute age (in million years (Ma)), geomagnetic polarity time scale (chrons)
and North American Land Mammal Age (NALMA). The Sage Creek Basin is located at the southern end of the Blacktail
Mountains approximately halfway between the Beaverhead Basins area and the upper Ruby River Valley. Red letters
indicate the approximate stratigraphic position of fossil floras – ML = Medicine Lodge paleoflora, HP = Horse Prairie
paleoflora, CR = Christensen Ranch paleoflora, YR = York Ranch paleoflora, RB = Ruby paleoflora, MR = Metzel Ranch
paleoflora and MC = Mormon Creek paleoflora.

Fossil Basin paleofloras (Wing, 1987;
Graham, 1998 & 2011).
Recent radiometric age dating and
magnetostratigraphic studies have led to
revisions in the age of several regional
floras (notably the Florissant and Bridge
Creek floras) with close affinities to the
Montana paleofloras and to changes in the
correlation of NALMA with the standard
geologic time scale. Becker (1960 & 1961)
based his original age assignments on
correlations with allied fossil floras now
considered late Eocene/early Oligocene,
rather than late Oligocene/early Miocene,
in age (Meyer & Manchester, 1997; Meyer,
2003) and on associated Chadronian
mammal fossils, then considered Oligocene,
and now correlated with the late Eocene
(Prothero, 1985, 1994 & 1995). Based on
these revised ages and new field
observations, the Ruby laminated shales
and similar Paleogene sediments to the
north and northeast are reassigned to the
top of the Climbing Arrow Member of
probable early Oligocene age, although a
latest Eocene age cannot be ruled out.
Based on these age revisions, the Metzel
Ranch and Ruby floras are reinterpreted as
a transitional phase of vegetation close to
the E/O boundary. The York Ranch flora
occurs within fluvial sandstone of the
Oligocene Dunbar Creek Member of the
Renova Formation and clearly postdates the
E/O boundary. In the Williams Creek area,
several kilometers to the northeast, the
Dunbar Creek Member is overlain by a 32.2
+/- 0.4 Ma basalt flow (Petkewich, 1972;
Fritz et al., 2007) which provides an
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uppermost age constrain on the Fossil Basin
paleofloras.
In the Beaverhead Basins area, fossil
mammal remains of Chadronian (late
Eocene) age underlie the paleobotanical
sites which are in turn overlain by early
Arikareean (late Oligocene) fossils
(Matoush, 2002). Basalt overlying the
lacustrine deposits of the Medicine Lodge
Formation has been dated at 27.5 +/- 0.78
Ma, providing an uppermost boundary for
the age of the paleofloras (Janecke et al.,
1999). The stratigraphic location of the
paleofloral sites combined with a high
percentage (~40%) of shared species
suggest that the Beaverhead Basins
paleofloras are early Oligocene, or less
likely latest Eocene, transitional
assemblages similar in age to the Ruby and
Metzel Ranch floras (Becker, 1969).
Similarity coefficients calculated using plant
family presence/absence data for each
paleoflora also suggest a close relationship
to the Ruby and Metzel Ranch paleofloras
and less affiliation with the older Mormon
Creek and younger York Ranch paleofloras
(Table 5).
REVISED PALEOFLORA TAXA LISTS
The fossil floras of southwestern
Montana were monographed by Hermann
Becker during the 1960’s and 70’s (Becker,
1960, 1961, 1969, 1972 & 1973) and have
not been systematically reviewed since
then. Recent work on Paleogene paleofloras
from the central/southern Rockies and
Pacific Northwest (especially the Florissant

and Bridge Creek floras) suggest that the
taxonomic assignments of the paleofloras
of southwestern Montana are in need of
revision. A preliminary updated version of
the Becker floral lists (Table 1) is presented
here. This revision is based largely on work
published since 1980 on similar and
identical species from the Florissant and
Bridge Creek floras (Meyer & Manchester,
1997; Manchester, 2001). However, a more
thorough taxonomic revision, beyond the
scope of the present study, is clearly still
needed. These new floral lists were used to
calculate nearest living analogs (NLA) for
the southwestern Montana paleofloras.
RATIONALE OF STUDY METHODOLOGY
Previous methods for estimating
paleoclimate from fossil plant remains fall
under two basic categories: 1) methods
based on a nearest living analog (NLA) for
the taxa under investigation, and 2) those
based on the morphology of fossil leaves
and the known empirical relations between
modern leaf characters and the physical
environment (Givnish, 1979 & 1986;
Graham, 1998). The earliest estimates of
paleoclimate either involved finding the
nearest living relatives of individual fossil
species and assigning similar climatic
tolerances to their ancestors (MacGinitie,
1953), or employed the strong correlation
between mean annual temperature (MAT)
and the presence of entire leaf margins
(Wolfe, 1979), which was first established
by Bailey and Sinnott (1915 & 1916). More
recent attempts at paleoenvironmental
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reconstruction have generally employed
multiple linear regression (MLR) and
ordination techniques to establish empirical
relationships between multiple (> 30) leaf
characters and modern climate variables
(Wing & Greenwood, 1993; Wolfe, 1993;
Gregory & McIntosh, 1996). These empirical
relationships are then used to estimate
paleoclimate from fossil leaf characters.
Ordination techniques have also been used
to establish modern analogs for paleofloral
associations (Boyle et al., 2008).
The datasets available for paleobotanical
analysis have also evolved over time. The
original Climate Leaf Analysis Multivariate
Program (CLAMP) dataset of Wolfe (1993),
which has served as the foundation for
most published MLR models, was based on
106 modern sites and 29 leaf characters.
The number of modern sites and leaf
characters has increased over time and the
version of the CLAMP dataset used in this
study (referred to here as CLAMP-173)
employs 33 character states and 173
modern sites (http://www.open.
ac.uk/earth-research/spicer/CLAMP). This
expanded dataset was used in part to
address the lack of sites with winter frost
conditions in the earlier data set. Although
probably not a major source of error when
dealing with pre-middle Eocene paleofloras
(Wing & Greenwood, 1993), this bias
towards sites with frost free winters is an
increasing liability when dealing with late
Eocene transitional and post-Eocene
icehouse paleofloras. The CLAMP-173
dataset was used to develop new single &
multiple linear regression (SLR & MLR)

equations applicable to post-Middle Eocene
climates with colder winter conditions.
These equations were then used to
estimate paleoclimate parameters for
Paleogene Montana.
In order to compare changes in
climate with changes in the taxonomic
structure of ancient plant communities,
nearest living analogs (NLA) were
determined by using a statistical measure of
similarity (the Gower similarity coefficient)
to match each paleoflora with its ten closest
modern analogs. The Alwyn Gentry forest
transect database of plant diversity for 226
modern sites was used to provide NLA for
the Montana paleofloras (Phillips & Miller,
2002). Trends in the associations of fossil
taxa were also examined if these trends
represent either important structural
changes (the elimination of subtropical and
East Asian endemic lineages) or have
particular climatic significance (the
appearance of dry-adapted, or xeric, taxa).
Two fundamental problems are
inherent in the reconstruction of ancient
climate and ecosystem dynamics from fossil
remains: 1) fossil assemblages do not
present a completely accurate picture of
past ecosystems due to differential
fossilization and preservation potential, and
2) due to biological evolution and
extinction, organisms in the past may have
either left no descendent lineages which
can provide a modern analog for their
ancestors’ climatic and habitat preferences
or the descendent lineages could have
changed their environmental tolerances
over time.
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One way to minimize the impact of
these problems is to incorporate multiple
independent lines of investigation and see if
they converge on a consistent
interpretation of past environmental
conditions. It is also desirable to analyze
biological features which result from the
basic physiological requirements of the
organisms under investigation, and which
therefore are not easily changed by natural
selection (Givnish, 1979). Examination of
higher taxa (genera and families) minimize
these problems as higher order taxonomic
units are slower to accumulate evolutionary
changes and are based on more
fundamental biological characteristics than
individual species (Boyle et al., 2008). They
are also less prone to misidentification – a
particular problem when dealing with
lineages containing few extant species or
those with a limited modern distribution
(Boyle et al., 2008). Because of these
considerations, presence /absence data for
plant families was used exclusively to
determine nearest living analogs (NLA) for
the Montana paleofloras.
STATISTICAL PROCEDURES
Equations for climatic parameters were
determined by first subjecting the CLAMP173 dataset to Canonical Correspondence
Analysis (CCA) using the GINKGO
multivariate analysis software – a program
of the VegAna (Vegetation Edition and
Analysis) package, developed by the
Department of Vegetal Biology of the
University of Barcelona (http://biodiver.

bio.ub.es/vegana), designed primarily for
the ordination and classification of modern
ecological data (Ainsa, 2005; Bouxin, 2005).
CCA is a constrained ordination technique
which is essentially a hybrid of ordination
and multiple regression (McGarigal et al,
2000). Its purpose is to extract the major
gradients in a dependent dataset (in this
case leaf characters) that can be accounted
for by a set of independent explanatory
variables (in this case climate parameters)
and that are assumed to have a causal link
(McGarigal et al, 2000; Ainsa, 2005). The
ability of CCA to constrain the ordination of
a set of dependent variables with a set of
independent explanatory variables is an
advantage over unconstrained ordination
techniques such as Principal Component
Analysis (PCA) which assesses the
relationships within a single set of
interdependent variables without
attempting to define causal relationships
with independent variables outside the
original dataset (McGarigal et al, 2000).
Following Wolfe (1993 & 1995) and
Gregory & McIntosh (1996), the results of
the CCA analysis were used to determine
the leaf characters most closely related to
each climatic parameter of interest.
However, in order to estimate paleoclimate
parameters, the CLAMP method of
projecting paleofloral leaf character values
onto CAA climate vectors was not employed
here. Following Wing and Greenwood
(1993), independent multiple linear
regressions (MLR) were performed using
the CAA results as guideposts to maximize
the statistical significance of the MLR
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models. The multiple regression analysis
tool available as an add-on for Microsoft
EXCEL spreadsheet software was used to
calculate single and multiple linear
regression (SLR & MLR) equations relating
each climate variable to multiple leaf
characters. Values for the leaf characters of
the Montana paleofloras, scored according
to the CLAMP methodology, were then
inserted into each equation to estimate the
value and standard error of each
paleoclimatic variable. Single variable
equations were also determined for
comparison with MLR equations and to
provide a tool for estimating climate
parameters for fossil sites that haven’t been
scored following the full CLAMP
methodology, or for reconnaissance
surveys.
In order to examine the relations
between the Montana paleofloras, other
regional paleofloras and modern forest
sites, several measures of statistical
similarity were tested in order to determine
the technique which provided the most
useful ordering of the various datasets. The
Gower similarity coefficient, contained
within the GINKGO program, was chosen
since it is applicable to qualitative binary
data (i.e. plant family presence-absence),
qualitative data composed of more than
two states, and quantitative data (i.e. leaf
character percentages) or any combination
of these data types (Dunn & Everitt, 1982)
thereby providing a single statistical
measure for all the data included in this
study. Exploratory testing confirmed that
the Gower coefficient provided the most

meaningful division of the CLAMP and
Gentry datasets. As a complement to the
above techniques, principle component
analysis (PCA) also was used to identify the
major ecological gradients and other trends
present within the plant taxa, leaf character
and climate data and to calculate the
Euclidean distance between fossil and
modern sites (Ainsa, 2005).
POTENTIAL BIASES AND SOURCES OF ERROR
No method of reconstructing ancient
environments, especially quantitatively, is
immune from error. Biases associated with
the methods employed here fall into two
basic categories, 1) bias inherent in the
data, and 2) bias associated with the
statistical techniques employed. Since it
was first proposed, the utility of the CLAMP
database as a basis for paleoclimate
reconstruction has been called into
question. Wilf (1997) argued that the
multiple character states employed by
CLAMP primarily serve to multiply error
rather than increase the precision of
climate estimates. Some specific sources of
potential error within the CLAMP database
have also been proposed. Peppe et al.
(2010) pointed out that the CLAMP
database appears to have a systematic bias
against large leaf size making climate
estimates based on CLAMP subject to
potentially large, difficult to quantify,
errors. The philosophy employed in this
study is to attempt to limit bias by
incorporating many different paleoclimate
proxies, both qualitative and quantitative,
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into a comprehensive picture of Paleogene
climate and biotic change.
In order to evaluate the influence of bias
on the results of this study, climate
estimates from representative, previously
published multiple linear regression (MLR)
equations were examined along with mean
climate values from the five best nearest
living analog sites (Gentry dataset) for each
paleoflora site. Modern climate data were
acquired from United States federal and
state government internet databases
(http://www.ncdc.noaa.gov/oa/ncdc.html).
Fossil Basin paleoclimate estimates from
this study and from published multiple
linear regression models, along with the
averaged climate data from NLA sites, are
plotted in Figure 3 for mean annual
temperature (MAT) and growing season
precipitation (GSP).
Comparison of MLR results with the
results of nearest living analog (NLA)
climate averages, a paleoclimate proxy
entirely independent of the CLAMP dataset
and leaf physiognomy analysis, indicates
general agreement with the interpretation
of the Oligocene Fossil Basin locality as a
cool, dry temperate environment. Estimates
from NLA also show a MAT and GSP decline
between the time of deposition of the
Mormon Creek and the Metzel Ranch floras
in agreement with the results of this study.
However, estimates based on NLA have a
relatively low resolution since there are a
limited number of temperate analog sites,
most with similar climate parameters, in the
Gentry database. Moreover, modern
ecosystems and climate are not necessarily

Figure 3
Comparison of Mean Annual Temperature (MAT)
and Growing Season Precipitation (GSP) from
equations derived from multiple linear regression
models and the CLAMP dataset and from nearest
living analog models. Black line = paleoclimate
estimates from this study, blue lines =
paleoclimate estimates from previously published
multiple linear regression models, and red line =
paleoclimate estimates derived from nearest
living analog sites in the Gentry database.
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representative of ancient ecosystems and
climate – all ancient sites are, strictly
speaking, non analog sites. However, when
considered in the context of independent
corroborating evidence, NLA estimates can
serve as useful first order estimates of
ancient climate and as an important check
on the results of leaf physiognomy or stable
isotopic analysis.
Paleoclimate estimates based on leaf
physiognomy show broad, and often
detailed, correspondence although some
important differences are still apparent.
Estimates from previously published MAT
equations (which employ earlier versions of
CLAMP with fewer sites) are basically
cyclical as opposed to the linear decrease
found in this study. Paleotemperature
differences may be due to the overrepresentation of sites with frost free
winters in earlier versions of CLAMP.
Equations based on earlier CLAMP data give
little weight to any leaf characters except
entire margins and the length/width ratio –
the wider range of leaf margin characters
seen in temperate toothed species is
therefore under-represented in models
based on earlier CLAMP data.
Estimates for growing season
precipitation from previously published
equations show a greater range of
variability than MAT estimates. Weiman et
al (1998) GSP estimates show a similar
cyclical pattern but higher overall
precipitation compared to GSP estimates
from this study. Wing & Greenwood (1993)
GSP estimates are virtually identical to
those from this study for the Mormon
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Creek and Metzel Ranch floras but show
opposite trends for the Ruby and York
Ranch floras. Equations for GSP from this
study and from Weiman et al. (1998) place
more weight on small leaf size and type of
leaf margin than large leaf size and the
length/width ratio compared to the Wing &
Greenwood (1993) equation. This may
account for the polarity differences
observed with the Ruby flora, characterized
by small leaf size, and the York Ranch flora,
which contains the largest leaf specimens of
any of the Fossil Basin paleofloras.
FOSSIL BASIN PALEOFLORAS
PALEOCLIMATE ESTIMATES
New paleoclimate estimates from the
Fossil Basin paleofloras show several clear
trends with important implications for the
Eocene-Oligocene climate record in the
western continental interior of North
America (Figure 4). The overall trend in
mean annual temperature (MAT) was a
steady decline of ~2.25⁰C from late Eocene
to early Oligocene time accompanied by a
relatively small overall decline in warm and
cold month mean temperatures (WMMT &
CMMT). Seasonality, as indicated by the
difference between WMMT and CMMT,
was high with estimates for WMMT in
particular higher than values calculated
from previously published equations.
Although it is possible that these new
equations may overestimate WMMT, new
estimates for MAT and CMMT are similar to
those calculated from previously published

Figure 4
New paleotemperature estimates for the Fossil Basin paleofloras. WMMT = warm month mean temperature, MAT =
mean annual temperature, and CMMT = cold month mean temperature. Standard errors are: +/- 2.5 ⁰C for WMMT, +/2.4 ⁰C for MAT and +/- 3.6 ⁰C for CMMT.
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equations. The presence of a distinct xeric
(dry-adapted) component in the Ruby and
Metzel Ranch floras and associated geologic
and paleontological evidence, such as the
presence of land tortoises and gypsum
(Monroe, 1976), support the existence of a
distinct dry season. Early Oligocene summer
temperatures may have been enhanced by
higher atmospheric CO2 content during the
Paleogene (Pearson & Palmer, 2000), with
early Eocene carbon dioxide (CO2) estimates
of ~8 times modern levels and late
Oligocene CO2 estimates of ~ 4 times
modern values (Arthur et al., 1991;
Freeman and Hayes, 1992).
As opposed to estimates for
temperature parameters, new estimates for
precipitation parameters are basically
cyclical (Figure 5), possibly the result of
moderate Antarctic glaciations in the late
Eocene and more severe glacial conditions
during the Oligocene (Zachos et al., 1992). If
this is true, then Paleogene Antarctic
glaciation under conditions of higher
atmospheric CO2 content primarily
influenced precipitation in the western
continental interior with only minor
temperature changes. However, one clear
unidirectional trend, with important
implications for the evolution of northern
Rockies vegetation, is the permanent sharp
decline of ~40 cm in three driest month’s
precipitation (3DRY) between the time of
the Mormon Creek paleoflora and the
Metzel Ranch paleoflora. The beginning of a
pronounced summer dry season coincides
with a fundamental shift in the taxonomic
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structure of the Fossil Basin paleofloras as
described in more detail below.
NEAREST LIVING ANALOGS
The Gentry dataset of modern plant taxa
diversity (Phillips & Miller, 2002) was used
to determine the nearest living analogs
(NLA) for the fossil floras of southwestern
Montana using the Gower similarity
measure. These results are summarized in
Table 3. The NLA for the three younger
paleofloras (Metzel Ranch, Ruby and York
Ranch) are predominately from east-central
North America (Missouri, Ohio and Indiana)
with smaller contributions from the
American east coast and Europe. These
localities are predominately warm
temperate dry forest following the
Holdridge classification scheme (Phillips &
Miller, 2002). Since the Gentry dataset lacks
sites representative of Rocky Mountain
coniferous forest, NLA representing cold
temperate moist and boreal wet Holdridge
zones are interpreted as proxies for high
elevation conifer-dominated vegetation
incorporated into lacustrine host rocks. The
existence of an ancestral Rocky Mountain
Montane forest association during the
Paleogene is strongly supported by the
middle Eocene Thunder Mountain flora of
Idaho (Axelrod, 1998) and the Republic flora
of northeast Washington (Wolfe & Wehr,
1987; Graham, 1998 & 2011).
The Mormon Creek flora is
significantly different from the other three
Fossil Basin paleofloras in its taxonomic
composition. It contains a smaller warm

Figure 5
New paleoprecipitation estimates for the Fossil Basin paleofloras. GSP = growing season precipitation, 3WET = precipitation
for the three wettest months and 3DRY = precipitation for the three driest months. Standard errors are: +/- 42.5 cm for GSP,
+/- 17.5 cm for 3WET and +/- 11.6 cm for 3DRY.
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temperate component (split evenly
between East Asian/European and eastern
North American NLA sites) and a significant
subtropical and high elevation tropical (East
Asian and Central American) component
not seen in the younger floras. Terrestrial
gastropod faunas from southwestern
Montana also indicate an Eocene warm
temperate to subtropical climate with high
summer month precipitation which became
cooler, wetter and more temperate over
time (Roth, 1986). Similarly, on the West
Coast, the E/O boundary event resulted in
the widespread replacement of subtropical
evergreen broad-leaved vegetation by
deciduous broad-leaved vegetation
dominated by diverse cool temperate
lineages (Meyer, 2003). Leopold &
MacGinitie (1972), utilizing affinities at the
species level, also reported a shift in
temperate floral composition between the
time of preservation of the Mormon Creek
and Ruby floras, from primarily Old World
temperate and pan-temperate species to
species with New World temperate
affinities.
The elimination of the Mormon
Creek subtropical component coincides
with the sharp decline in three driest
months’ precipitation (3DRY) between the
time of deposition of the Mormon Creek
and Metzel Ranch floras. Declines are also
seen in growing season precipitation (GSP),
mean month GSP (MMGSP) and three
wettest months’ precipitation (3WET)
during this time frame. It is hypothesized
that these precipitation declines, and
especially the permanent decline in 3DRY
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precipitation, are responsible for the
observed shift in taxonomic composition of
the Fossil Basin paleofloras. A parallel exists
between this event and the early Eocene
shift from paleotropical to neotropical
dominated plant communities. The main
climate trend associated with this ‘great
schism’ was also the development of
seasonal rainfall (in the early Eocene case
drier winters) and a decrease in total annual
rainfall (Leopold & MacGinitie, 1972).
Principal Component Analysis (PCA)
was performed for both the CLAMP and
Gentry datasets (including fossil sites in the
ordinations) and analogs were determined
by calculating the Euclidean distance
between each site (Table 4). These results
largely confirm the previous conclusions
with the added result that the Fossil Basin
paleofloras show close affinities with East
Asian temperate (mostly Japanese)
localities in the CLAMP dataset. Underrepresentation of East Asian temperate
localities in nearest living analogs calculated
from the Gentry dataset are likely due to
the small number of temperate East Asian
sites and taxa in the Gentry dataset (Phillips
& Miller, 2002). This result highlights the
importance of using multiple datasets and
methodologies in interpreting ancient
environments.
OTHER VEGETATION TRENDS
Several significant trends in the
composition of the Fossil Basin paleofloras
are evident in addition to the elimination of
Eocene subtropical taxa. The most

important of these involve the elimination
of East Asian endemic species, the
elimination of characteristic late Eocene
riparian species such as Fagopsis longifolia
and their apparent replacement by
members of the Salicaceae (willow family),
the increasing prevalence of characteristic
eastern North American taxa, the existence
of a high altitude gymnosperm component,
and the proliferation of dry-adapted (xeric)
species in the Fossil Basin ecosystem.
Gymnosperms and environment of
deposition

2011) suggest the presence of an ancestral
Ruby Range, and related high elevation
ecosystems, throughout Paleogene
southwestern Montana. Terrestrial
gastropod faunas from the Eocene Climbing
Arrow Member also demonstrate the
juxtaposition of tropical and temperate
forms which suggests mixing of high
elevation and low elevation taxa in a region
of moderate to high relief (Roth, 1986). The
absence of a high altitude component in the
other Fossil Basin paleofloras is therefore
most likely an artifact of preservation.
Xeric vegetation & seasonal dryness

The Ruby flora, unique among the Fossil
Basin paleofloras, contains a significant
proportion of gymnosperm genera (Abies,
Picea, Pinus, Psuedotsuga) characteristic of
the modern high altitude Rocky Mountain
Montane forest association (Barbour &
Billings, 2000) and its Eocene Thunder
Mountain ancestor (Axelrod, 1998). This is
likely due to differing environments of
deposition, as only the Ruby flora is found
in lacustrine host rocks (Figure 6). Lake
basins are well-known to incorporate
material from multiple environments within
their watersheds, in addition to wind-borne
material, a phenomenon also observed in
the Florissant lake beds (MacGinitie, 1953;
Meyer, 2003) and the lacustrine
Beaverhead Basins deposits (Becker, 1969)
both of which contain a similar high altitude
component.
Geologic evidence and detrital zircon age
dates (Link et al., 2008; Stroup et al., 2008;
Lielke, 2010; Rothfuss, 2010; Rothfuss et al.,
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The Mormon Creek flora lacks a dryadapted, or xeric, component which is
consistent with its overall humid subtropical
to warm temperate character (Becker,
1960). However, coincident with the decline
in three-driest months (3DRY) precipitation,
a distinct xeric element entered the Metzel
Ranch flora. This change in the Fossil Basin
plant community is unlikely caused by
preservation bias since both paleofloras are
found in an identical mudstone lithology
interpreted as fluvial overbank, or basin
flanking, distal alluvial fan deposits (Figure
6). Similarity measures indicate that the
Metzel Ranch flora has its greatest affinity
with the Ruby flora despite differences in
depositional environment (Table 5). The
Metzel Ranch flora can probably be
considered as representing a subgroup of
the more inclusive Ruby flora.
The freshwater lake which accumulated
the Ruby flora sampled multiple smaller

Figure 6
Relationship of plant fossil bearing horizons to the
overall stratigraphy of the Renova Formation at the
Fossil Basin locality. Note that these four paleofloras
occur in three different sedimentary depositional
environments (alluvial/fluvial overbank, open lake/near
shore lacustrine & fluvial channel/overbank). Note also
that Renova Formation sediments at this location
appear to be conformable from late Eocene to early
Oligocene time. This stratigraphic interval therefore
contains an important record of climatic/biotic change
across the Eocene/Oligocene boundary.
.

E /O
Boundary
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plant communities or ecological niches,
including an extensive xeric element,
interpreted by Becker (1961) as occupying
open woodland and barren hill slopes and
benches between waterways. This xeric
community includes fossil oaks (Quercus) of
the nonlobed type, various pines, mountain
mahogany (Cercocarpus), Oregon grape
(Mahonia) and other xeric shrubs (Becker,
1961). An almost identical arid community
inhabited open dry woods and scrubland
around late Eocene Lake Florissant in
Colorado (Meyer, 2003). This Paleogene
xeric community resembles the modern
mountain mahogany – oak scrub vegetation
found in the transition zone between
montane coniferous forest and
grassland/sagebrush scrub along the
margins of the Rocky Mountains (Barbour &
Billings, 2000). Moreover, the presence of
juniper (Juniperus) together with Pinus in
both the Beaverhead Basins and Metzel
Ranch floras suggests the Pinyon-Juniper
woodlands of the semi-arid American
southwest. It is hypothesized that both
these modern ecotonal vegetation types
evolved on the arid leeward side of high
elevation, Eocene volcanic topography and
expanded their range during more
favorable Oligocene icehouse climatic
conditions, probably in tandem with
ancestral high altitude coniferous
vegetation.
New paleoclimate estimates suggest a
seasonal, Oligocene summer dry climate
with little summer precipitation and high
temperatures consistent with the
pronounced xeric vegetative element and
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the presence of land tortoises and gypsum
(Dorr & Wheeler, 1964; Monroe, 1976).
Terrestrial gastropod faunas also suggest an
Oligocene environment drier than that of
the Eocene with moderate seasonal
variation in temperature and precipitation
and sparse scrub, savannah, or open
woodland vegetation (Roth, 1986).
Changes in sedimentary depositional
environments and the composition of land
snail faunas in the contemporaneous White
River Formation of Wyoming indicate a
similar shift from a humid subtropical late
Eocene climate to a warm temperate
climate with a pronounced dry season,
accompanied by only a minor decrease in
temperature near the E/O boundary
(Evanoff, Prothero & Lander, 1992). In the
Pacific Northwest, Myers (2003) also
reports a small (3-4 ⁰C) decline in MAT, a
moderate increase in seasonality and a
pronounced decrease in dry month
precipitation across the E/O boundary. On a
more global scale, the Eocene/Oligocene
transition has also been linked to significant
aridification and cooling in continental Asia
(Dupont-Nivet et al., 2007). Alternatively,
estimates based on the stable isotope
composition of fossil teeth indicate a large
drop in MAT, a small increase in seasonality
and no change in aridity across the E/O
transition in the White River beds of the
Great Plains (Zanazzi et al., 2007 & 2009).
The exact reason for this discrepancy is
unknown but could be due to differences in
research methodology, local microclimates,
rapid climate change coupled with variable

preservation of fossil material, or
chronostratigraphic difficulties.
Horizontal and cross-cutting layers and
stringers of pedogenic gypsum are common
in certain horizons of the laminated shale
and mudstone facies at Fossil Basin.
Mudcracks have also been observed in the
lacustrine laminated shales containing the
Ruby flora (Monroe, 1976). The formation
of gypsum in soil profiles is promoted by
the presence of ashy volcanic material,
typical of the Climbing Arrow Formation,
but the most important requirement is a
climate in which evapo-transpiration
exceeds precipitation (Chen, 1997;
Retallack, 2001). Although the annual
precipitation calculated for Fossil Basin is
higher than is typical for modern sites
precipitating pedogenic gypsum (Mack &
James, 1994; Retallack, 2001), a
combination of seasonal wetness, capable
of mobilizing salts from volcanic parent
material, followed by a pronounced dry
season capable of precipitating gypsum
could account for the observed deposits. A
thick mantle of volcanic ash would also tend
to place the water table at greater depths
promoting soil drying (Leopold &
MacGinitie, 1972). The York Ranch flora
lacks a xeric element, but this is likely due
to the riparian nature of the vegetation
preserved in this fluvial environment.
East Asian endemics
Several taxa such as Metasequoia,
Ginkgo, Craigia and Cercidiphyllum, now
restricted to East Asian localities, had an
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early Cenozoic circumpolar distribution in
temperate latitudes (Graham, 1998 &
2011). These taxa gradually became extinct
across the North American continent with
only a few surviving into the late Neogene
(Graham, 1998 & 2011). Except for
Cercidiphyllum, East Asian endemics are
uncommon in the Mormon Creek flora
(Becker, 1960). With the advent of more
temperate conditions, East Asian temperate
species became more common in the
Metzel Ranch and Ruby floras with a
maximum of 12 Genera present in the Ruby
flora including Gingko, Metasequoia ,
Cercidiphyllum, Ailanthus, Eucommia and
Glyptostropus (Becker, 1972, 1964 & 1961).
However, by the time of deposition of
the York Ranch flora most representative
East Asian endemics had disappeared, with
only Cercidiphyllum and possibly
Metasequoia being in evidence (Becker,
1973). This may be due partially to the
more restricted fluvial depositional
environment of the Dunbar Creek Member
which houses the York Ranch flora.
However, many of these taxa are present in
the Metzel Ranch flora which contains a
comparable number of species and which
was preserved in a similar, though not
identical, sedimentary depositional
environment. Moreover, the interpreted
habitat of many of these missing taxa
doesn’t preclude their presence in a
riparian environment (Myer, 2003).
Moreover, Ailanthus and Eucommia both
possess wind distributed samaras which are
capable of being widely distributed into a

variety of different depositional
environments.
The disappearance of so many East Asian
endemics is unlikely to be solely a
taphonomic artifact and therefore probably
reflects local extinction of most of these
lineages. Pronounced early Oligocene
seasonal dryness would have been
detrimental to wet-adapted taxa such as
Metasequoia - a species reinterpreted by
Retallack, Bestland & Fremd (1996) as a
wetland inhabitant similar to living bald
cypress (Taxodium distichum). Although
somewhat colder and wetter, the climate
indicated by the York Ranch flora was not
much different than early Oligocene
climate; however, one important threshold
was crossed in the later Oligocene with cold
month mean temperature (CMMT)
dropping below 0⁰C (Figure 4). This suggests
prolonged, rather than episodic, winter
freezing. This combination of increased
summer dryness and winter cold,
exacerbated by competition from preadapted species which had evolved in
upland and orogenic rain shadow
environments, likely caused the demise of
the circumpolar, Paleogene deciduous
forest community in the northern Rockies.
The disjunct modern deciduous forests of
eastern North America and East Asia owe
their existence to the formation of hostile
intermontane climates favorable to the
expansion of species previously confined to
cold and dry upland habitats (i.e. high
altitude montane coniferous forest and arid
scrub/woodland rain shadow vegetation).
The elimination of diverse hardwoods
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under a colder and drier continental climate
was recognized by Leopold & MacGinitie
(1972) as the final phase in the
modernization of the Rocky Mountain flora.
Dominant Plant Families
The Fossil Basin paleofloras preserve a
suggestive sequence of changes in
dominant plant families as indicated by the
number of species present (grouped
according to family). Table 6 lists every
plant family represented by more than one
species in order of decreasing number of
species. The Mormon Creek flora has a
rather wide diversity of plant families with
no family represented by more than four
species. The Mormon Creek flora is
characterized by the prominence of the
Fabaceae-Lauraceae association, a
reflection of the subtropical component it
uniquely contains. The three younger
paleofloras, despite their occurrence in
different environments of deposition, are
all dominated by the Salicaceae-RosaceaeUlmaceae association although the
lacustrine Ruby flora also contains nine
species of Pinaceae owing to the high
elevation component it preserves. Although
only represented by seven species
combined, the Salicaceae-RosaceaeUlmaceae association is also an important
secondary component of the Mormon
Creek flora. It is hypothesized that this
association rose to prominence following
the elimination of the subtropical element
in the Mormon Creek flora owing to its
superior ability to withstand seasonal
drought. Rosaceae is a common element in

arid ecosystems while Salicaceae and
Ulmaceae often inhabit riparian areas in
modern dry climates.
The Betulaceae and Fagaceae,
previously not represented by more than
one species, became an important
secondary element in the Ruby flora. The
appearance of the Juglandaceae in the York
Ranch flora signaled the appearance of a
distinctly eastern North American element,
the Betulaceae-Fagaceae-Juglandaceae
association, as can be seen by comparison
with the composition of the York Ranch
flora’s nearest living analogs, all from
eastern North America. The familial
composition of the York Ranch flora gives it
a distinctly modern riparian aspect (Barbour
& Billings, 2000) an interpretation
strengthened by the presence of members
of the Aceraceae, Cornaceae and Vitaceae.
The modern aspect of the York Ranch flora
is further enhanced by the elimination of
most East Asian endemic species along with
the extinct late Eocene lineages typified by
the Florissant genus Fagopsis. This genus
represents one of the most common fossils
found at the Florissant locality (MacGinitie,
1953); however, although present in the
Ruby flora, Fagopsis leaves and fruits are
uncommon. This suggests that, by the
Oligocene, the southern Rockies element in
Montana was either on the fringes of its
environmental tolerances, subject to high
competitive pressure from other riparian
species, especially members of the
Salicaceae, or both.
At Florissant, willows are rare and only
one species of poplar is present (P. crassi -
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although it is a common fossil – Meyer
(2003)) suggesting habitat competition with
Eocene riparian taxa like Fagopsis and
Cedrelospermum, and possibly differing
environmental tolerances. In southwestern
Montana, the Salicaceae are by far the most
dominant family by York Ranch time (15
species – although Manchester et al. (2006)
reassign three of these species to the
extinct genus Psuedosalix) and the
characteristic late Eocene element, so
prominent at Florissant, is absent. In
Colorado, a similar change occurred in the
fossil floras which succeeded the Florissant
– the Antero and Creede floras (Barton,
2009; Axelrod, 1987; Graham 1998; Meyer,
2003). It is hypothesized that the Salicaceae
enjoyed a climate-induced competitive
advantage over riparian Florissant and East
Asian Eocene holdovers; although the exact
proportion of climate change versus habitat
competition in driving these changes is
difficult to distinguish from fossil data.
BEAVERHEAD BASINS PALEOFLORAS
Paleoclimate reconstructions and
analysis of the taxonomic composition of
the Beaverhead Basin paleofloras largely
support the previous interpretation of the
Fossil Basin paleofloras. However, before
meaningful comparisons can be made,
differences in the tectonic setting of the
two locations need to be addressed as this
has important implications for paleoclimatic
reconstruction. Published data (Janecke,
2007; Link et al., 2008) and new field work
(Lielke, 2010; Rothfuss et al., 2010) suggest

that the two areas differed in the presence
of active Paleogene normal faulting in the
area of the Beaverhead Basins and its
absence in the Fossil Basin area. The
Beaverhead Basins lake beds (Medicine
Lodge Formation) were deposited in the
hangingwall of a Paleogene low-angle
normal fault proximal to the highlands of
the coupled, uplifted footwall. This suggests
the likelihood of lower elevation vegetation
in the Beaverhead Basins. In order to test
this possibility, two techniques for
estimating paleoelevation were employed.
Paleoelevations were calculated using the
new estimates for MAT from this study and
published lapse rates, and a new equation
for enthalpy was calculated from the
CLAMP-173 dataset and also used to
estimate paleoaltitude for each area.
PALEOELEVATION ESTIMATES
Paleobotanical remains have frequently
been used in the past to estimate
paleoelevation (Gregory & McIntosh, 1996;
Meyer, 2001). The two most common
techniques involve either determining the
elevation range of the nearest modern
analogs of fossil taxa, or estimating
elevation from paleotemperature
differences between coastal and inland
localities. Mean annual temperature (MAT)
can be reliably estimated from the
morphology of fossil leaves (Bailey & Sinott,
1915; Wolfe, 1979), which are empirically
linked to climate through basic angiosperm
plant physiology (Givnish, 1979 & 1980).
Once MAT’s are determined for an inland
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site of interest and a contemporary coastal
site at approximately the same latitude,
paleoelevation can be determined by
assuming a terrestrial lapse rate (the rate of
change of temperature with elevation).
However, terrestrial lapse rates vary
widely on the modern Earth and would
have behaved differently under ancient
climate regimes, introducing considerable
error into estimates of paleoelevation
(Forest et al., 1995; Wolfe, 1995). One way
to avoid this problem is to base elevation
estimates on a fundamental parameter of
atmospheric physics which would not vary
over time and which would be conservative
between coast and inland sites at the same
latitude. One such physical parameter is
moist static energy (h) which is a function of
enthalpy (H) and elevation following the
relation Hc + gZc = h = Hi + gZi where Zc =
elevation of the coastal site, Zi = elevation
of the inland site, Hc = enthalpy at the coast,
Hi = enthalpy of the inland site and g is the
gravitational constant. If enthalpy can be
reliably estimated, then elevation can be
determined according to the ratio Zi = (Hc –
Hi)/g (Forest et al., 1995). Enthalpy, as a
function of temperature and humidity, has
an empirically determinable relationship to
leaf morphology. This relationship can be
exploited to estimate the enthalpy of
paleofloral sites (Forest et al., 1995).
For this study, new multivariable
equations were calculated for mean annual
temperature (MAT) and enthalpy using the
CLAMP-173 database. Cannonical
correspondence analysis (CCA) was used as
a tool to examine which leaf characters

most closely correlate with MAT and
enthalpy (Wolfe, 1995). Multiple linear
regression was used to calculate
multivariable equations relating MAT and
enthalpy to the selected leaf characteristics.
The equations determined for MAT and
enthalpy are statistically significant (r2 = .89
for MAT and .85 for enthalpy) with standard
errors of +/- 1⁰C and +/- 5 kJ/kg
respectively. Enthalpy and MAT were
calculated for the paleofloras of
southwestern Montana and, by comparison
with published MAT and enthalpy for
Eocene and Oligocene coastal floras,
paleoelevations for southwestern Montana
were calculated. In order to test whether
estimates from these new equations are
compatible to those previously determined
for western North America, MAT and
enthalpy were calculated for the PitchPinnacle paleoflora in Colorado (from raw
physiognomy scores reported in Gregory &
McIntosh (1996). New estimates for PitchPinnacle are virtually identical for enthalpy
(304.7 vs. 303.3 kJ/kg) and MAT (12.5 vs.
12.7 ⁰C ) suggesting that coastal MAT and
enthalpy reported by Gregory & McIntosh
(1996) can be used to reliably estimate
paleoelevation for southwestern Montana.
Results from paleoelevation estimates
are summarized in Figure 7. Results from
both methods lead to a relative difference
in elevation of 0.7 to 1.0 km between the
Fossil Basin area and the Beaverhead Basins
area. Assuming that the Ruby, Metzel and
Beaverhead Basin’s floras are early
Oligocene in age, the elevation during the
early Oligocene would be ~2.5 km for the

33

Fossil Basin area and ~1.5 km for the
Beaverhead Basins area using the enthalpy
method, or ~1.0 km and ~0.3 km
respectively using MAT and a terrestrial
lapse rate of 3⁰C/km. If any of these
paleofloras correlate to the late Eocene
warm period which occurred just prior to
the E/O boundary, then elevation estimates
would be considerably higher (3 to 4 km for
Fossil Basin) although the relative elevation
difference is about the same (0.7 – 1.0 km).
These estimates are similar to
paleoelevation estimates from other
Paleogene paleofloral sites (Meyer, 2001).
Recent paleoelevation estimates from
stable isotope analysis also support the
existence of high altitude Paleogene
topography in western North America,
including southwestern Montana (Mix et
al., 2011).
PALEOCLIMATE ESTIMATES
The Beaverhead Basins paleofloras are
similar in age to the Metzel Ranch and Ruby
paleofloras and their paleoclimate
estimates are broadly similar. The most
significant differences can probably be
attributed to the lower elevation of the
Beaverhead Basins area. Paleotemperature
estimates show somewhat higher MAT
(~14-15 ⁰C) and less seasonality of
temperature due to both higher cold month
mean temperature (CMMT) and lower
warm month mean temperature (WMMT)
(Figure 8). A difference in mean annual
temperature of ~2 ⁰C is expected for an
elevation difference of ~0.7 to 1.0 km

Figure 7
Paleoelevation estimates (in kilometers) derived from enthalpy for the Beaverhead Basins (blue) and Fossil Basin (red) paleofloral sites. Mormon
Creek estimate is an outlier probably due to the fact that its age is poorly constrained relative to the other paleofloras. The Beaverhead Basins
paleofloras are closest in age to the Ruby flora suggesting an approximate paleoelevation difference of 1.0 +/- 0.5 km in the early Oligocene.
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assuming a terrestrial lapse rate of 3.0
⁰C/km (Wolfe, 1992) although it should be
noted that local lapse rates can be highly
variable.
Paleoprecipitation estimates show a
dramatic increase in growing season
precipitation (GSP) and three wettest
months (3WET) precipitation and a
consistently low three driest months (3DRY)
precipitation of 7-9 cm (Figure 9). These
estimates are consistent with the trend
seen between the Metzel Ranch and Ruby
floras suggesting that the Beaverhead
Basins paleofloras are registering the same
climate shifts. Precipitation variations are
likely due to waxing and waning glaciation
in the southern hemisphere (Zachos et al.,
1992) and possibly Greenland (Eldrett et al.,
2007). Similar cyclical changes in Paleogene
precipitation, interpreted as alternating
glacial/interglacial cycles, are also recorded
by calcic paleosols in the Sage Creek Basin
of southwestern Montana (Sheldon, 2009).
NEAREST LIVING ANALOGS
Nearest living analogs (NLA) for the
Beaverhead Basins paleofloras are similar to
those determined for the Metzel Ranch and
Ruby floras (Table 3) with all NLA from
central and eastern North America and
Europe. Euclidean distance calculations also
reveal close affinities with East Asian
temperate localities in the CLAMP-173
database. Gentry NLA sites mostly fall under
the warm temperate dry and warm
temperate moist Holdridge zones with
lesser representation of the cool temperate
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moist and boreal wet zones. The conifer
dominated European NLA sites, which
represent most of the cool temperate moist
and boreal wet zones, are interpreted as
proxies for the Rocky Mountain coniferous
forest association. The proximity of the
Paleogene lake deposits to the uplifted
footwall of the basin bounding Muddy
Creek/Grasshopper normal fault system
(Dunlap, 1982; Matoush, 2002; Janecke,
2007) probably accounts for the high
elevation, conifer-rich element present in
all the Beaverhead Basins paleofloras. The
taxa present are largely identical to the high
altitude community preserved in the Ruby
flora suggesting a regional, high altitude
forest association directly ancestral to the
modern Rocky Mountain coniferous forest
association.
A xeric community containing most of
the same species, or very closely related
forms, as the Metzel Ranch and Ruby floras
demonstrates the existence of a regional
dry-adapted plant community in the
Paleogene northern Rockies. Similar species
of Cercocarpus, Mahonia, Pinus, and
Quercus are also known from the Florissant
locality (MacGinitie, 1953). Moreover,
Ephedra palynomorphs have also been
reported from the Medicine Lodge flora
(Leopold & MacGinitie, 1972). Ephedra, a
genus which thrives today in dry habitats, is
also known from Florissant, further
strengthening the case for a regional xeric
community bracketing the
Eocene/Oligocene (E/O) boundary. These
observations suggest that a highly seasonal,
summer dry climate was present

Figure 8
New paleotemperature estimates for the Beaverhead Basins paleofloras. WMMT = warm month mean temperature, MAT = mean
annual temperature, and CMMT = cold month mean temperature. Standard errors are: +/- 2.5 ⁰C for WMMT, +/- 2.4 ⁰C for MAT and
+/- 3.6 ⁰C for CMMT.
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Figure 9
New paleoprecipitation estimates for the Beaverhead Basins paleofloras. GSP = growing season precipitation, 3WET = precipitation for the three
wettest months and 3DRY = precipitation for the three driest months. Standard errors are: +/- 42.5 cm for GSP, +/- 17.5 cm for 3WET and +/- 11.6
cm for 3DRY.
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throughout the northern Rockies and likely
stretched further south along the cordillera.
Moreover, the southwestern Montana
paleofloras appear to contain plant
associations ancestral to both the mountain
mahogany and juniper scrub associations of
the modern Rocky Mountains (Barbour &
Billings, 2000).
Another trend of interest observed in the
Beaverhead Basins paleofloras, which also
has a parallel in the Fossil Basin locality, is a
temporary increase in species of East Asian
affinity near the E/O boundary. The number
of East Asian species increased in the
transitional floras of the Fossil Basin locality
before practically disappearing by York
Ranch time. Similarly, in the Beaverhead
Basins area, the number of species of East
Asian affinity increased from 16 to 25 to 32
from Christensen Ranch to Horse Prairie to
Medicine Lodge time (Becker, 1960). This
suggests that during the transitional period
straddling the E/O boundary, temperate
East Asian taxa temporarily became a more
prominent component of northern Rockies
vegetation before gradually losing out to
North American temperate forms directly
ancestral to modern vegetation.
COMPARISON WITH OTHER PALEOGENE
PALEOFLORAS
In order to place the Montana
paleofloras in the larger context of
Paleogene vegetation, Gower similarity
coefficients were calculated for the plant
family abundances of the Montana
paleofloras and several representative
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western North American Paleogene fossil
localities (Table 5). The top ten nearest
living analog (NLA) sites for these regional
paleofloras were also calculated from the
Gentry dataset and are summarized as
Holdridge Life Zones in Table 7. The most
obvious trend in this regional data is the
elimination of tropical and subtropical
communities across the E/O boundary. This
same phenomenon was previously noted in
the transition from the Mormon Creek to
the Metzel Ranch paleoflora.
The Thunder Mountain flora in
Idaho, an Eocene high elevation flora, has
NLA representative of the Boreal Wet and
Cool Temperate Moist Holdridge zones
suggesting that NLA representative of these
zones serve as a proxy for high elevation
Rocky Mountain coniferous forest. These
Holdridge zones become common in
Oligocene and Miocene localities, including
the Montana sites, suggesting the
expansion of this forest type from isolated,
mostly volcanic Eocene highlands, such as
the Thunder Mountain caldera, to a
dominant Oligocene forest type on a
regional scale.
There is also a north/south gradient
apparent in the Eocene NLA sites. Tropical
Holdridge zones are confined to the most
southerly sites, the Green River and
Florissant localities, dying out northward
with only one tropical NLA in the Kissinger
locality of northern Wyoming (although
Kissinger reconstructions based on lower
taxonomic levels are more tropical in
character (MacGinitie, 1974)) and none in
the Republic flora - even though the

Republic and Kissinger sites are both older
than the Florissant locality. By late Eocene
(Mormon Creek flora) time, the northern
Rockies were mesic and temperate, the
central Rockies seasonally dry and
temperate, and the southern Rockies were
subtropical and seasonally dry (Leopold &
MacGinitie, 1972)). Across the
Eocene/Oligocene transition and through
the Oligocene, warm temperate dry forest
expanded and seasonal dry conditions
became strongly established in the
northern Rockies. The Gower similarity
measure shows that the Montana
paleofloras have their greatest affinity with
Oligocene and Miocene localities, as
expected, but also have close affinities with
the more northerly Eocene sites such as the
Republic flora. This suggests a degree of
continuity of Paleocene vegetation in the
northern Rockies region across the
Eocene/Oligocene boundary.
CONCLUSIONS
The following conclusions are suggested
by compositional and statistical analysis of
the paleofloras of southwestern Montana:
1) The late Eocene Mormon Creek flora
predates the final Paleogene greenhouse
climatic deterioration and retains a
distinct component of subtropical
vegetation. The climate was warm and
relatively wet without a distinct summer
dry season, an interpretation also
supported by terrestrial gastropod faunas.
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2) The Metzel Ranch and Ruby floras,
along with the Beaverhead Basins
paleofloras, are transitional assemblages
which existed for a relatively short period
of time in the immediate aftermath of the
Eocene/Oligocene climatic deterioration.
The most important changes which
occurred during this time were the
elimination of the remaining subtropical
Eocene taxa and the development of a
distinct xeric plant assemblage. These
biotic changes correspond to a sharp
decline in precipitation during the three
driest months which, coupled with a
continuation of high summer
temperatures, signaled the initiation of a
climate regime with a distinct dry season.
Similar cooling and drying tends, and
associated floral shifts, are recorded from
other western North American localities.
3) Ancestral versions of the modern, high
altitude Rocky Mountain Montane
coniferous forest and the moderate
elevation mountain mahogany/juniper
scrub woodland expanded their range,
from isolated volcanic highlands in the
Eocene, to dominant components of
Oligocene western North American
vegetation.
4) During the Eocene/Oligocene
transitional period, taxa with East Asian
affinities temporarily became a more
prominent element in the regional flora.
East Asian taxa were eventually replaced
by species ancestral to modern North
American riparian and deciduous forest
taxa.

5) Elevations were ~0.7 to 1.0 km lower in
the Beaverhead Basins area relative to the
Fossil Basin locality due to the former’s
location in the hangingwall of an Eocene
normal fault system. Higher mean annual
temperature and a less seasonal climate in
the Beaverhead Basins area are
attributable to deposition at a lower
altitude.
6) During deposition of the Oligocene York
Ranch flora, vegetation assumed a more
modern North American aspect with the
elimination of East Asian endemics and
late Eocene holdovers, and a
corresponding increase in taxa related to
deciduous forms common to the forests of
central and eastern North America.
7) Cyclical patterns of precipitation
observed in the Montana paleofloras are
likely due to the growth and decline of
Antarctic continental glaciation. By the
early Oligocene, cold month mean
temperatures dropped below 0⁰C for the
first time, suggesting prolonged, rather
than episodic, winter freezing events.
Competition from species better adapted
to icehouse climate was also an important
factor in the regional extinction of Eocene
greenhouse taxa.
8) Across the Eocene/Oligocene boundary,
overall plant diversity declined due to the
loss of tropical/subtropical communities
and the elimination of specialist taxa
within multiple plant families. Previously
marginal communities, such as high
elevation coniferous and xeric vegetation,
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greatly expanded their range in the cooler
and drier ice house climate of the postEocene world.
9) During times of rapid climatic overturn,
apparently disjoint associations of plants
(e.g. temperate and subtropical/tropical
taxa) can temporarily occur together as
their extreme climatic tolerances converge
and overlap. This is particularly true in
areas of high relief, and associated
altitude specific climate zones, like the
Paleogene Rocky Mountain region.
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Table 1
Revised floral lists for gymnosperm and angiosperm taxa contained in the Fossil Basin and Beaverhead
Basins paleofloras. These revisions are based on taxonomic work conducted on floras of comparable
Paleogene age since the original publication of Hermann Becker’s monographs on the fossil plants of
southwestern Montana. In particular the latest Eocene Florissant (Meyer 2003; Manchester, 2000) and
early Oligocene Bridge Creek (Meyer & Manchester, 1997) paleofloras contain affiliated taxa. New
names are in bold, questionable assignments in the original Becker monographs are indicated by a
preceeding *, names followed by a superscript P are taxa attested by pollen data as well as megafloral
remains (pollen data from Leopold et al. (1973)). An X under the heading for each paleoflora indicates
the presence of diagnostic megafloral remains while a P indicates taxa known only from palynomorph
data. Superscript numerals indicate footnotes for taxa modified from Becker’s original taxonomic
assignments.
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Genus

Family

Pinaceae

Abies

P

Species / Morphotypes

MORMON CREEK

METZEL RANCH

RUBY

YORK RANCH

X

laticarpa

X
X

alvordensis

X

concoloroides
Picea P

0 longirostris

X

lahontensis

X

X
X

magna

X

sonomensis
Pinus

1P

florissanti

X

macginitiei

X

0 *monticolensis

X

*hexaphylla

X

X

X

0 *tetrafolia
wheeleri

X

Pseudolarix

americana

X

Pseudotsuga P

masoni

X

longifolia

X

sonomensis

X
P

Taxaceae
TaxodiaceaeP

BEAVERHEAD BASINS

Glyptostrobus

X

oregonensis
dakotensis

X

X
X

X

Metasequoia

occidentalis

Sequoia P

affinis

Taxodium

dubium

Chamaecyparis

linguaefolia

Juniperus

nevadensis

X

X

Thuja

diamorpha

X

X

Gnetaceae

Ephedra

sp.

Ginkgoaceae

Ginkgo 2

TyphaceaeP

Typha 3

CupressaceaeP

Gramineae

Sabiaceae

X

P

adiantoides
lesquereuxi

X

X

Phragmites

alaskana

X

Agrostis

primaeva

X

Arundo

pseudogoepperti

X

Poacites

sp.

X

Sabia

4

Potamogeton
Eleocharis

6

rubyensis

X

parvus

X

rubyensis
trinervis

X

X

X

lacustris
angustifolius

*Smilax 7

X

X

sp.

Floerkea
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X

X

Potamogetonaceae5

Liliaceae

X
X

X

Limnanthaceae
Cyperaceae

X

X
X
X

Cannaceae
Salicaceae

Canna 8
Populus

X

flaccidafolia
balsamoides

X

X

adamantea

X

X

X

X
X
X

cedrusensis
X

cinnamomoides

X

0 crassa

X

eotremuloides
X

lindgreni

X

payettensis

X

succorensis
X

washoensis
cockerelli

X

X
X

longiacuminata

X

succorensis
Salix

hesperia

X

knowltoni

X

X

laevigatoides

X

longiacuminata

X

schimperi

X
X

stipulata
taxifolioides

X

truckeana

X

X

X

wimmerianna

dorfi

X

X

lignitum

X

X

mormonensis

X

X
X

0 metzeli
Juglandaceae

Carya

Engelhardtia
Betulaceae

X

X

X

antiquorum

X

libbeyi

X

sp.

Alnus P

carpinoides
jarbidgana

X
X
X

X
X

protomaximowiczii
0 relata
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X
P

sp.

Juglans

X

X

0 rivularis

0 serrulata

X
X

0 longissima

P

X
X

wildcatensis

Myricaceae

X

X

coloradica

*Myrica 10

X

X

0 salicoides

Psuedosalix 9

X

X

X

X

Betula

X

fairii
thor

X

vera
Paracarpinus 11

sp.

X

lanceolata

X

Fagaceae

insignis

*Ostrya 12

oregoniana

Fagus

washoensis

Castanea

spokanensis

X
X

fraterna
Corylus

X
X
X

X
X
X

miomollissima
Quercus P

longifolia

X

brooksi

X

0 consimilis

X

0 convexa

X

X

X
X

dayana
X

dispersa
elwyni

X
X

eoprinus

X

hannibali
X

0 mohavensis
prelobata

X

prevariabilis

X

pseudolryata

X

simulata

X
X

winstanleyi
UlmaceaeP

Celtis

X

mccoshi
alderensis

X
X

kansana

X

montanensis

Cedrelospermum

0 paucidentata

X

0 speciosa

X
X

drymeja

0 oregoniana
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Morus

symmetrica

X
X

X
X

X
X

X

X
X

ungeri
Moraceae

X
X

X

hesperia
nervosa

X

X

moorei

14P

X

X

chaneyi
Ulmus P

X
X

dolichophylla
Fagopsis 13

X
X

X

eorubra
15

*Proteaceae

*Lomatia

Nymphaeaceae

Eucommia

angustum

X

wilcoxianum

X
X

browni

Nymphaeites

X

nevadensis

Nelumbo

X
X

sp.

Nuphar
Cercidiphyllaceae

X

lineata

*Knightophyllum
Eucommiaceae

X

X

advenoides

*Cercidiphyllum

16

elongatum

X

X
X

arcticum
Clematis

ellensburgensis

Berberidaceae

Mahonia

marginata
hakeaeformis

X
X
X

X
X

limirivuli

X

lobodonta
X

0 obliqua

X
X

reticulata
X

simplex
0 subdenticulata

X

acanthoides

Cruciferae

Thlaspi

primaevum

Saxifragaceae

Philadelphus

parvulus

*Hydrangea

knowltoni
californica

Ribes

X
X
X
X

X
X
X

montana

Cocculus

heteromorpha

Lauraceae

Laurophyllum

intermedium

X

Nectandra

antillanafolia

X

praelingus

X

*Sassafras

17

X
X

Menispermaceae

Persea

X

X

auratum

Eucommia

X

X

0 cerinum
Eucommiaceae

X
X

peloronta
Berberis

X

ashleyi

X

columbiana
X

hesperia
Elaeagnaceae

Eleagnus

P

sp.

Hamamelidaceae

Exbucklandia

oregonensis

Platanaceae

Platanus

dissecta

X
X

X
X

stenoloba
RosaceaeP
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Cercocarpus 18

antiquus

X

X

crenatum
Ranunculaceae

X

X

X

X

0 bea-annae

X
X

myricaefolius
Amelanchier

dignata

X
X

couleeana

X

covea
Chamaebatia

prefoliolosa

*Crataegus 19

copeana

X
X
X

elwyni

X

pacifica
Kerria
*Potentilla

X

antiqua
20

X

passamariensis

X

horkelioides
X

0 salmonensis
Prunus

scottii

X

X

moragensis

X

wilcoxiana

X

spatulata

Rosa

hilliae

Sorbus

carcharodonta

X
X

X

X

X
X

clavidens

X

X

decurrens

X

Vauquelinia

coloradensis

Waldsteinia

insolita

Leguminosites

sp.

Albizzia

ovalicarpa

Caesalpinites

acuminatus

X

coloradicus

X

Canavalia
Cassia

X
X
X

X

eocenica
glenni

X

fayettensis

X

hesperia

X
X

reticuloides
Cercis

X

parvifolia

X
X

spokanensis
oregonensis

X

prelutea

X

Conzattia

coriaceae

X

Dalbergia

retusa

Cladrastis

Desmodium
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X

X

harneyensis

Leguminosae21

X

lyoniifolia

Pyracantha

Spiraea

X

X

rubycanum

X
X

Diphysa

X

presuberosa

Leucaena

X

californica

X

X

Lonchocarpus

oregonensis

Mimosites

acaciafolius

X

Parkinsonia

constricta

X

Pithecolobium

eocenicum

X

Robinia

californica

X
X

lesquereuxi

Simaroubaceae

Sophora

spokanensis

Astragalus

wilmattae

Ailanthus
Chaneya

Meliaceae

X
X
X

X

X

truncatum

X

X

lancifolia

X

X

americana
22

*Cedrela 23

X

pteraformis
Anacardiaceae

Cotinus

fraterna

Metopium

metopioides

Rhus

obscura

X
X
X

X

X
X

milleri

X

miosuccedanea
X

praeovata
X

stellariaefolia
EuphorbiaceaeP

Mallotus

Aquifoliaceae

Ilex

Celastraceae

riparius

X

acuminata

X

rubyensis

X

Celastrinites

populoides

X

Celastrophyllum

antrorsum

X

Celastrus

robertsi

X
X

typicus
Euonymus

X

pacificus

Staphyleaceae

Staphylea

splendens

Sapindaceae24

Acer

florissanti
aequidentatum

X
X
X
X

bendirei

X

bolanderi
X

0 glabroides

X

minor

Athyana
*Cardiospermum
Cupanites

51

X

X
X

oregonianum

X

scottiae

X
X

haydeni
25

X

X

terminale
formosus

X

X

Dipteronia

X

insignis

*Dodonaea

26

*Koelreuteria 27

*Sapindus
Rhamnaceae

Berchemia
Ceanothus
Colubrina
Paliurus

reniptera
arnoldi

X

X

X

X

X

mixta

X

nigricans

X
X

coloradensis

X

huanoides
X

variabilis
prespinosus

X

pre-elliptica

X
X

dumosus
X

florissanti
Reynosia

preanuntia

Rhamnus

rubyvallis

X
X

X
X

crocea
Rhamnites

X

X

bipinnatoides

28

X

berchemiaformis

X
X

psuedo-stenophyllus
Rhaemnus
Vitaceae

Vitis

plena

X
X

muscadinioides

X

X

X

X

X

washingtonensis
Nyssaceae

Nyssa

crenata

Elaeocarpaceae

Elaeocarpus

apiminax

Alangiaceae

Alangium

aequalifolium

Grewiopsis

elegans

Vaccinium

sophoroides

Arctostaphylos

cuneata

Dilleniaceae

Dillenites

tetracerafolia

X

Flacourtiaceae

Idesia

glandulosa

X

Eleagnaceae

Shepherdia

weaveri

X

Araliaceae

Aralia

rubyensis

X

taurinensis

X

buchi

X

X

hesperia

Ericaceae

Cornaceae

Cornus

X
X

X

X
X

ovalis
Bumelia

balli

Ebenaceae

Diospyros 29

oregoniana

Fraxinus

rupinarum
brevialata
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X
X
X

aequalifolium

Sapotaceae
Oleaceae

X
X

cornella
Alangium

X

X

X
X
X

X

X
X

eocenica

X
X

flexifolia
yubaensis
Osmanthus
30P

Malvaceae

Craigia

X

preamissa

31

X

cassioides
miocenica

Florissantia

X

32

*Sterculia
Tilia

X

X
X

speiri

X
X

wilcoxensis
X

inaequalis

X

aspera
Caprifoliaceae

Symphoricarpus

X

elegans

Sambucus

newtoni

*Viburnum 33

palmatum

X
X
X

kraeuseli
Scrophulariaceae

Paulownia

Bignoniaceae

Catalpa

X

columbiana

X

thomsoni

*Compositae34

1

X

rubyensis

Callichlamys

zeteki

Viguiera

cronquisti

X
X

Following reassessment of Florissant pines, the foliage and seeds (Pl 8, Fig 1-4, Becker 1961) & (Pl 6, Fig 1-2, Becker 1969) previously assigned to P. florissanti reassigned to P. macginitei, cones
(Pl 8, Fig 5 & 9, Becker 1961) & (Pl 9, Fig 12, Becker 1961) may still be valid as P. florissanti. Four to six (mostly 5) needle fasicles previously assigned to P. monticolensis, P. tetrafolia & P. hexaphylla likely P. wheeleri.
P. tetrafolia & P. hexaphylla were defined on the basis of single specimens and are more likely unusual specimens of P. wheeleri rather than new species.

2

Several short shoots (Pl 5, Fig 1, Becker 1969) & (Pl 1, Fig 6, Becker 1972) are questionably aligned with Ginkgo and may instead belong to Pseudolarix or another gymnosperm genus. However, the presence of a
single Ginkgo leaf (Fig 4, Becker 1964) establishes the presence of the Ginkgoaceae in the Ruby paper shale flora.

3

Some specimens interpreted as Typha leaves are rejected based on the absence of wavy cross veins between the primary veins (Pl 13, Fig 13-18, Becker 1969). However, other leaves may still be legitimate Typha (Pl 2, Fig 6, Becker 1972),

4

These fruits (formerly Symplocarpus (Pl 13, Fig 19 & 20, Becker 1969)) are provisionally reassigned to Sabia (Sabiaceae), The family Araceae is likely not present based on current specimens.

5

Formerly family Zosteraceae

6

Formerly genus Cyperacites

7

Entire margin leaves in Ruby flora (Pl 11, Fig 9-11, Becker 1961) could be Dioscorea instead. Similar shaped leaves with toothed margins in Beaverhead Basins (Pl15, Fig 7, Becker 1969) are likely Rhamnaceae (Paliurus, Ceanothus).

8

Possibly Zingiberales rather than Canna.

Pollen establishes the presence of the family Typhaceae in the Beaverhead Basins flora (Leopold & MacGinitie, 1972).

9

Psuedosalix recognized by Manchester (2006) includes Salix cockerelli, S. longiacuminata & S. succorensis (leaves) Antholithes botryantra & A. tulipoidea (fruits) and Carpites carum-carvi & C. eludens (capsules). Other species of
Populus and Salix could properly belong in Pseudosalix as well. Given the known variability of leaves of the Salicaceae, several of Becker's established species could be invalid especially if based on only a few specimens.
Some reproductive axes previously assigned to Populus (Pl 16, Fig 7 & 8, Becker 1969) are likely taxodiaceous pollen cones instead.

10

Some specimens assigned to Myrica (Pl 16, Fig 16 & 17, Becker 1969) may be Rosaceae instead based on details of the compound teeth.

11

Carpinus specimens reassigned to extinct genus Paracarpinus. Asterocarpinus fruits are also present in Beaverhead Basins flora (Manchester & Crane, 1987).

12

Assignment to Ostrya questionable. Venation (Pl 18, Fig 7, Becker 1969) suggests that inclussion in Rosaceae is more likely.

13

Following Manchester & Crane (1983), the extinct genus Fagopsis has been moved from the Betulaceae to the Fagacea.

14

As at Florissant, Zelkova leaves have been reassigned to Cedrelospermum (Manchester,1989) although the distinctive Cedrelospermum fruits have not been found to date.
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Zelkova could still be present in Montana although macrofossil evidence for its occurrence is equivical. Pollen assigned to Zelkova was reported by (Leopold & MacGinitie, 1972).
15

The southern hemisphere family Proteaceae is not considered valid at contemporary North American Paleogene localities. The proper assignment of these genera is unknown.

16

Leaves assigned to Cercidiphyllum (Pl 24, Fig 5 & 7, Becker 1969) reassigned to extinct genus Trochodendroides, pods (Pl 24, Fig , Becker 1969) reassigned to extinct genus Nyssidium.

17

Some specimens assigned to Sassafras (Pl 26, Fig 8-10, Becker 1969) and (Pl 25, Fig 5-8, Becker 1973) may be Lindera or Litsea instead.

18

Species identified as Cercocarpus (Pl 22, Fig 1-6, Becker 1961) and (Pl 30, Fig 13-21, Becker 1969) may represent an extinct ancestral genus rather than the extant genus Cercocarpus.

19

Assignment to Crataegus questionable.

20

Some specimens assigned to Potentilla (Pl 30, Fig 1-5, Becker 1969) and (Pl 22, Fig 18-21, Becker 1961) may be Rosa instead. Specimens lacking distinctive characters provisionally retained in Potentilla.

21

Assignment of speciemns of Leguminosae to genera are provisional as these specimens often lack distinguishing characters which would allow identification to the generic level. Some pods assigned to Cercis

(Pl 32, Fig 8, Becker 1969) are not Cercis owing to the lack of a wing along the suture.
22

Fruits (Pl 34, Fig 5-12, Becker 1969) and (Pl 25, Fig 1,2 Becker 1961) originally assigned to Astronium (Anacardiaceae) now belong to the extinct genus Chaneya (Simaroubaceae). Leaves (Pl 34, Fig 4, Becker 1969) may belong to Rhus

23

Seeds could be Toona instead.

24

Family Aceraceae now considered to be a subfamily of family Sapindaceae.

25

Questionable assignment to Cardiospermum. Most likely an extinct genus of Sapindaceae.

26

No collaboration of Dodonea from distinctive winged seeds.

27

No collaboration of Koelreuteria from distinctive fruit valves.

28

Evidence for affiliation with genus Sapindus equivical.

29

Diospyros fruits (Pl 38, Fig 2-22, Becker 1969) are reassigned to Paliurus. Leaves are undiagnostic for Diospyros so the presence of the family Ebenaceae cannot be substantiated.

30

The families Steruliaceae, Tiliaceae & Bombacaceae now combined into Malvaceae. Specimen assigned to Sterculia (Pl 38, Fig 3, 1969) more likely Platanus.

31

Fruits originally assigned to Ptelia (Pl 33, Fig 7-14, Becker 1969), (Pl 10, Fig 12-14, Becker 1972) and (Pl 23, Fig 16-18, Becker 1961) in the family Rutaceae are reassigned to Craigia in the family Mavaceae.

32

Specimens formerly assigned to Holmskioldia (Pl 30, Fig 1-3, Becker 1961) and (Pl 39, Fig 6 & 7, Becker 1969) in the family Verbenaceae now assigned to extinct genus Florissantia in Malvaceae.

33

Specimens previously assigned to Viburnum (Pl 39, Fig 11, Becker 1969) likely belong to family Platanaceae instead. Viburnum cannot be substantiated.

34

No distinctive features assign this specimen (Pl 39, Fig 15, Becker 1969) to Compositae. It is more likely a degraded cuppresaceous cone. Compositae cannot be substantiated

54

Table 2
Coefficients for new multi-variable linear regression equations developed from the CLAMP-173 dataset.
Also included are new single variable linear equations for selected climate parameters. Correlation
coefficients (R2) and standard errors are included for each paleoclimate equation.

55

New MLR equation coefficients
Intercept
Lobed
No Teeth
Regular teeth
Close teeth
Round teeth
Acute teeth
Compound teeth
Nanophyll
Leptophyll 1
Leptophyll 2
Microphyll 1
Microphyll 2
Microphyll 3
Mesophyll 1
Mesophyll 2
Mesophyll 3
Emarginate apex
Round apex
Acute apex
Attenuate apex
Cordate base
Round base
Acute base
L:W <1:1
L:W 1-2:1
L:W 2-3:1
L:W 3-4:1
L:W >4:1
Obovate
Elliptic
Ovate

56

MAT

WMMT

CMMT

GROWSEAS

GSP

MMGSP

3-WET

3-DRY

ENTHAL

12.846

40.089

-11.125

-18.557

-39.664

-0.121
-0.035

6.029
0.052
0.064

-13.475

0.157
-0.080

-4.522
0.195
0.213

27.059
0.015
0.061

-0.221
0.466

0.016
0.017

0.089
-0.063

-0.193

-0.036
-0.025

0.051
-0.294
0.192
-0.143

0.093
0.274
0.082

-0.172
0.035

-0.123

-0.460
-0.113

-2.314
0.566
-1.581

-0.110

-0.806

-0.006
-0.153

-0.161

-1.206
-1.133

0.081

-0.023
-0.021

0.330
0.430

0.477
0.128

0.160

0.022

0.193

0.896

0.512

0.008

0.033

-0.045
-0.219

0.039
0.026

1.701
0.132

-0.931
0.513

-0.010
-0.165

-0.419

-0.173

0.005

-0.822

-0.129

-0.631

-0.043

1.715
3.822

0.161
0.423

0.520
1.775

0.345
0.788

-0.020

1.500

0.228

0.754

0.638

0.009

R squared (R2)
Standard error (+/-)

0.884
2.371

0.795
2.498

New single linear regression (SLR) equations
2

MAT = .275 (No Teeth) + 1.34

R = .775

WMMT = .182 (No Teeth) + 14.37

2
R = .551

CMMT = .360 (No Teeth) - 10.99

2
R = .727

GROWSEAS = .124 (No Teeth) + 2.29

R = .748

3-DRY = 1.08 (Atten Apex) + .004

2
R = .610

3-WET = 1.54 (Atten Apex) + 10.61

R = .507
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2

2

0.854
3.605

0.863
1.188

0.787
42.455

0.783
4.415

0.786
17.545

0.771
11.581

0.885
0.509

Table 3
Holdridge life zones for nearest living analogs (NLA) from the Alwyn Gentry dataset (Phillips & Miller
(2000)). Note wider variety of life zones represented within the Eocene Mormon Creek Flora as opposed
to the Oligocene icehouse floras of the Metzel Ranch, Ruby, York Ranch and Beaverhead Basins
paleofloras.
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MORMON

METZEL

RUBY

YORK

CHRISTENSEN

HORSE PRAIRIE

MEDICINE LODGE

1

Chiba (Japan)

Cuivre (Missouri)

Cuivre (Missouri)

Bankamp (Ohio)

Uppsala (Sweden)

Valleyvi (Missouri)

Rockcree (Missouri)

2

Quinceoc (Mexico)

Bankamp (Ohio)

Bankamp (Ohio)

Potomac (Virginia)

Ruissalo (Finland)

Rockcree (Missouri)

Cuivre (Missouri)

3

Valleyvi (Missouri)

Tysongla (Missouri)

Tysonwoo (Missouri)

Tysonwoo (Missouri)

Rockcree (Missouri)

Cuivre (Missouri)

Bankamp (Ohio)

4

Suderhac (Germany)

Valleyvi (Missouri)

Bablersp (Missouri)

Rockcree (Missouri)

Allacher (Germany)

Cedarblu (Indiana)

Valleyvi (Missouri)

5

Genting (Malaysia)

Heustomf (Ohio)

Tysongla (Missouri)

Cuivre (Missouri)

Valleyvi (Missouri)

Allacher (Germany)

Cedarblu (Indiana)

6

Avalanch (India)

Rockcree (Missouri)

Allacher (Germany)

Tysongla (Missouri)

Suderhac (Germany)

Montgome (New York)

Montgome (New York)

7

Sierraro (Cuba)

Tysonwoo (Missouri)

Heustomf (Ohio)

Cedarblu (Indiana)

Cary (New York)

Potomac (Virginia)

Tysonwoo (Missouri)

8

Campinas (Brazil)

Cedarblu (Indiana)

Valleyvi (Missouri)

Valleyvi (Missouri)

Kanealle (Pennsylvania)

Bablersp (Missouri)

Ruissalo (Finland)

9

Persever (Bolivia)

Bablersp (Missouri)

Rockcree (Missouri)

Indianca (Nebraska)

Cuivre (Missouri)

Bankamp (Ohio)

Wildbasi (Texas)

10

Bablersp (Missouri)

Wildbasi (Texas)

Ruissalo (Finland)

Ufhortic (Florida)

Cedarblu (Indiana)

Heustobm (Ohio)

Heustomf (Ohio)

Tropical Lower
Montane Moist

2

Tropical Premontane
Wet

1

Subtropical Moist

1

Subtropical Montane
Moist

1

Subtropical Wet

1

Warm Temperate
Wet

1

3

3

HOLDRIDGE
LIFE ZONE

Warm Temperate
Montane Wet

1

Warm Temperate
Moist

3

Warm Temperate
Montane Moist

1

Warm Temperate Dry

2

Cool Temperate
Moist

1

Boreal Wet
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6

2

3

2

1
6

7

2

5

4

1

3

2

1

1

2

1

Table 4
Nearest living analogs (NLA) for Fossil Basin paleofloras based on leaf physiognomy data and the CLAMP173 database. NLA determined by principle component analysis (PCA) including fossil sites in the
ordination as though they were modern sites characterized by calculated physiognomy scores. The
Euclidean distance between every modern and fossil site was determined and the five closest modern
sites to each fossil locality were established as the NLA sites. Note that NLA determined by this method
give similar results to those determined by NLA calculated from plant family presence/absence data. The
primary difference is the predominance of East Asian temperate sites as opposed to North
American/European temperate sites – a consequence of the lack of East Asian sits in the Gentry dataset.
Note also that NLA based on plant physiognomy for the Mormon Creek site are more temperate in
character than NLA determined from plant families. This is a likely result of middle Eocene subtropical
taxa surviving into late Eocene time but near the edge of their climatic tolerances. After the final early
Oligocene climatic deterioration, all NLA converge on similar temperate NLA as relict Eocene subtropical
taxa became extinct.
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MORMON

METZEL

RUBY

YORK

1

Kiyosumi, Honshu

Kiyosumi, Honshu

Yakusugi 1080 m,
Yakushima

Amagi-toge , Honshu

2

Amagi-toge , Honshu

Amagi-toge , Honshu

Kiyosumi, Honshu

Umedaira, Honshu

3

Yakusugi 1080 m,
Yakushima

Umedaira, Honshu

Arakawa Dam, Yakushima

Kiyosumi, Honshu

4

Umedaira, Honshu

Tatsuta-yama, Kyushu

Higane Shrine, Honshu

Battle Cr., Maryland

5

Battle Cr., Maryland

Yakusugi 1080 m,
Yakushima

Tatsuta-yama, Kyushu

Kidogawa 2, Honshu

6

Tatsuta-yama, Kyushu

Yakusugi 800 m, Yakushima

Amagi-toge , Honshu

Arakawa Dam,
Yakushima

7

Kidogawa 2, Honshu

Yakusugi 1350 m,
Yakushima

Umedaira, Honshu

Yakusugi 800 m, Yakushima

8

Zozu-san, Shikoku

Arakawa Dam,
Yakushima

Yakusugi 1350 m,
Yakushima

Pt. Grenville, Washington

9

Nekko 2, Honshu

Kidogawa 2, Honshu

Battle Cr., Maryland

Troutdale, Oregon

10

Yakusugi 800 m, Yakushima

Battle Cr., Maryland

Wolf Cr., Colorado

Port Orford, Oregon
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Table 5
Gower similarity coefficients determined from plant family presence/absence data for regional
Paleogene paleofloras. A score of 1 indicates complete identity of plant families present in two fossil
floras, a score of 0 indicates complete dissimilarity of plant families present between two paleofloras.
Note that among the southwestern Montana paleofloras the oldest Mormon Creek and youngest York
Ranch floras are outliers with greater similarity present between the early Oligocene floras (Ruby,
Metzel Ranch and Beaverhead Basins). Similarity is also clearly influenced by age, latitude and elevation.
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GOWER SIMILARITY - GENTRY DATASET
Ruby
Mormon
Metzel
York
Christensen
Horse Prairie
Medicine Lodge
Florissant
Kissinger
Haynes
Bridge Creek
Creede
Thunder
Chalk Bluffs
Green River
Nut Beds
Republic
Buffalo Canyon
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Ruby
1
0.39
0.677
0.353
0.433
0.556
0.5
0.4
0.238
0.364
0.419
0.424
0.344
0.435
0.333
0.208
0.333
0.375

Mormon

Metzel

York

Christensen

Horse Prairie

Medicine Lodge

Florissant

Kissinger

Haynes

Bridge Creek

Creede

Thunder

Chalk Bluffs

Green River

Nut Beds

Republic

Buffalo Canyon

1
0.325
0.306
0.257
0.357
0.341
0.34
0.359
0.314
0.265
0.333
0.189
0.288
0.356
0.229
0.245
0.184

1
0.4
0.56
0.529
0.515
0.375
0.263
0.414
0.39
0.433
0.345
0.409
0.302
0.227
0.302
0.429

1
0.32
0.394
0.375
0.277
0.355
0.4
0.417
0.276
0.269
0.366
0.316
0.297
0.429
0.308

1
0.483
0.464
0.326
0.3
0.524
0.297
0.478
0.364
0.233
0.306
0.184
0.27
0.55

1
0.543
0.458
0.405
0.452
0.525
0.306
0.387
0.435
0.5
0.261
0.429
0.375

1
0.36
0.282
0.536
0.372
0.5
0.414
0.362
0.349
0.217
0.349
0.448

1
0.375
0.372
0.415
0.298
0.239
0.429
0.542
0.263
0.396
0.349

1
0.281
0.326
0.194
0.182
0.348
0.474
0.286
0.366
0.333

1
0.351
0.5
0.455
0.279
0.324
0.175
0.324
0.571

1
0.333
0.333
0.392
0.383
0.4
0.585
0.361

1
0.417
0.239
0.214
0.14
0.275
0.522

1
0.205
0.175
0.154
0.27
0.476

1
0.429
0.36
0.4
0.286

1
0.265
0.362
0.297

1
0.442
0.179

1
0.333

1

Table 6
Number of species present for Fossil Basin paleofloras and their five nearest living analogs (NLA). Every
plant family containing more than one species is represented. Dominant taxa for modern forest transect
data are from Miller & Phillips (2002). Yellow, blue, green and red fields highlight plant family
associations important for interpreting the evolution of Fossil Basin vegetation and its gradual
convergence on modern forest associations.
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Mormon Creek Flora

Chiba (Japan)
Fagaceae (7)
Ericaceae (4)
Lauraceae (4)
Anacardiaceae (3)
Theaceae (3)
Aquifoliaceae (2)
Araliaceae (2)
Oleaceae (2)

Quinceoc (Mexico)
Lauraceae (5)
Fabaceae (3)
Fagaceae (3)
Araceae (2)
Betulaceae (2)
Celastraceae (2)
Meliaceae (2)
Rutaceae (2)

Valleyvi (Missouri)
Fagaceae (7)
Juglandaceae (3)
Ulmaceae (2)

Suderhac (Germany)
Betulaceae (3)
Fagaceae (2)
Rosaceae (2)
Salicaceae (2)

Avalanch (India)
Lauraceae (13)
Rubiaceae (9)
Myrtaceae (6)
Aquifoliaceae (5)
Symplocaceae (4)
Piperaceae (3)
Pittosporaceae (3)
Daphniphyllaceae (2)
Theaceae (2)

47
Cuivre (Missouri)
Juglandaceae (5)
Fagaceae (4)
Ulmaceae (4)
Aceraceae (2)
Fabaceae (2)
Oleaceae (2)
Rosaceae (2)

47
Bankamp (Ohio)
Betulaceae (3)
Fagaceae (3)
Rosaceae (3)
Aceraceae (2)
Juglandaceae (2)
Ulmaceae (2)
Vitaceae (2)

23
Tysongla (Missouri)
Fagaceae (7)
Juglandaceae (5)
Rosaceae (4)
Ulmaceae (2)
Vitaceae (2)

15
Valleyvi (Missouri)
Fagaceae (7)
Juglandaceae (3)
Ulmaceae (2)

69
Huestomf (Ohio)
Fagaceae (4)
Juglandaceae (3)
Oleaceae (3)
Fabaceae (2)
Ulmaceae (2)
Vitaceae (2)
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29
Cuivre (Missouri)
Juglandaceae (5)
Fagaceae (4)
Ulmaceae (4)
Aceraceae (2)
Fabaceae (2)
Oleaceae (2)
Rosaceae (2)

23
Bankamp (Ohio)
Betulaceae (3)
Fagaceae (3)
Rosaceae (3)
Aceraceae (2)
Juglandaceae (2)
Ulmaceae (2)
Vitaceae (2)

26
Tysonwood (Missouri)
Juglandaceae (5)
Fagaceae (4)
Ulmaceae (3)
Oleaceae (2)
Vitaceae (2)

23
Bablersp (Missouri)
Juglandaceae (4)
Fagaceae (3)
Ulmaceae (3)
Vitaceae (3)
Aceraceae (2)

24
Allacher (Germany)
Rosaceae (6)
Betulaceae (3)
Aceraceae (2)
Fagaceae (3)
Pinaceae (2)

82

29
Bankamp (Ohio)
Betulaceae (3)
Fagaceae (3)
Rosaceae (3)
Aceraceae (2)
Juglandaceae (2)
Ulmaceae (2)
Vitaceae (2)

23
Potomac (Virginia)
Aceraceae (3)
Betulaceae (2)
Cornaceae (2)
Fagaceae (2)
Juglandaceae (2)
Magnoliaceae (2)
Oleaceae (2)
Ulmaceae (2)

23
Tysonwood (Missouri)
Juglandaceae (5)
Fagaceae (4)
Ulmaceae (3)
Oleaceae (2)
Vitaceae (2)

23
Cuivre (Missouri)
Juglandaceae (5)
Fagaceae (4)
Ulmaceae (4)
Aceraceae (2)
Fabaceae (2)
Oleaceae (2)
Rosaceae (2)

21
Rockcree (Missouri)
Betulaceae (2)
Fagaceae (2)
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23

25

23

29

17

Fabaceae (4)
Lauraceae (3)
Myricaceae (3)
Salicaceae (3)
Celastraceae (3)
Sapindaceae (3)
Ulmaceae (2)
Proteaceae (2)
Berberidaceae (2)
Rosaceae (2)
Aquifoliaceae (2)
Rhamnaceae (3)
Araliaceae (2)
Oleaceae (2)
# Species
54

Metzel Ranch Flora
Salicaceae (9)
Rosaceae (5)
Ulmaceae (4)
Myricaceae (3)
Rhamnaceae (3)
Fabaceae (3)
Aceraceae (3)
Sapindaceae (2)
Alangiaceae (2)
Anacardiaceae (2)
Cupressaceae (2)
# Species

Ruby Flora
Rosaceae (10)
Pinaceae (9)
Ulmaceae (6)
Salicaceae (6)
Betulaceae (5)
Fagaceae (5)
Sapindaceae (4)
Aceraceae (4)
Saxifragaceae (3)
Myricaceae (3)
Berberidaceae (3)
Taxodiaceae (2)
Anacardiaceae (2)
# Species

York Ranch Flora
Salicaceae (15)
Rosaceae (7)
Ulmaceae (6)
Betulaceae (5)
Juglandaceae (3)
Fagaceae (2)
Anacardiaceae (2)
Lauraceae (2)
Vitaceae (2)
# Species
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Table 7
Holdridge life zones based on nearest living analogs (NLA) from the Gentry database for eleven
representative western North American paleofloral localities. Blue fields represent Eocene localities, red
fields Oligocene localities and green Miocene. Note the progressive elimination of tropical and
subtropical Holdridge zones across the Eocene/Oligocene transition. Cool temperate and boreal wet
Holdridge zones occur in paleofloras with a pronounced high altitude component. Eocene paleofloras
demonstrate that a considerable diversity of plant communities once coexisted probably due to
elevational zonation, extensive micro-niches (e.g. arid communities in the rainshadow of volcanoes) and
a wider range of environmental tolerances within individual plant families.
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Nutbeds

Republic

Chalk
Bluffs

Green
River

Kissinger

Thunder
Mtn.

Florissant

Tropical Premontane
Dry

1

1

Tropical Moist

1

1

Tropical Montane
Moist

1

Tropical Premontane
Wet

1

Tropical Wet

1

1

Subtropical Moist

2

1

Subtropical Montane
Moist

2

1

Subtropical Wet

1

2

1

Bridge
Creek

Haynes

Creede

Buffalo
Canyon

1

1
1

Subtropical Montane
Wet

1

Subtropical Rain Forest

1

1

Warm Temperate Wet
Warm Temperate
Moist

4

5

3

Warm Temperate
Montane Moist
Warm Temperate Dry

3

Boreal Wet
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1

4

1

3

3

1

2

5

4

3

3

1

3

2

3

2

2

1

1
3

5

4

4

Cool Temperate Rain
forest
Cool Temperate Moist

1

2
1

3
3

Section 2
Paleotopography & Paleodrainage
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SECTION 2 – Paleotopography and Paleodrainage
The following two papers (Lielke, 2008; Rothfuss et al., 2012) are intended to establish the
topography and drainage patterns of the Paleogene “Renova Basin” of southwestern Montana. They
also have the secondary purpose of examining the sedimentary depositional environments of the
Renova Formation and the tectonic setting which prevailed during its deposition. The first paper (Lielke,
2008) is a short study of an enigmatic conglomerate (here named the Butcher Creek conglomerate)
which occupies a basal position in the northern Gravelly Range, an inverted Paleogene paleovalley. This
paper establishes the early presence of significant relief in the source area of the Butcher Creek
conglomerate – the southern Tobacco Root Mountains. Similar gravel deposits are found proximal to
other areas of modern high relief in southwestern Montana (see Rothfuss et al., 2012 paper which
follows and Lielke & Thomas, 2012a road log for the upper Ruby River Valley in the next section).
Relative to traditional geologic techniques, analytical methods serve as both independent
sources of information concerning sedimentary provenance, topography and drainage patterns and also
as a complement to traditional methods of sedimentary field geology. In the second paper of this
section (Rothfuss et al., 2012), detrital zircon analysis of sandstone deposits has been used in
conjunction with facies analysis of sediments, paleocurrent measurements and petrologic
determinations of source terrains to reconstruct the Paleogene topography, drainage and sedimentary
depositional environments of the Renova Formation in southwestern Montana. Detrital zircon analysis
involves separating zircons, a durable and nonreactive mineral species, from fluvial sandstone deposits
and determining their age of formation by the decay of radioactive elements (mainly the Ur to Pb series)
which they contain. These age dates are then matched to likely source terrains which contain rocks of
similar age. Combined with traditional sedimentary facies analysis and measurement of paleocurrent
directions this is a powerful methodology for reconstructing ancient areas of high topography (i.e.
source areas) and drainage patterns. Changes through time can also be determined if the stratigraphic
package contains a high resolution sequence of sediments deposited over a long period of time. Renova
sediments in southwestern Montana are predominately late Eocene to Oligocene in age so the
reconstruction presented here predominately reflects that period of time.
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The Butcher Creek conglomerate: an enigmatic Paleogene deposit from the
northern Gravelly Range of southwestern Montana

Abstract
The Butcher Creek conglomerate is a new, informally recognized unit within the
basal Renova Formation of the northern Gravelly Range. The Butcher Creek
conglomerate is exposed in a recently excavated quarry east of Virginia City in the
Axolotl Lakes area where Paleogene rocks lie unconformably above Archean basement
and isolated remnants of the Paleozoic section. The scarcity of Mesozoic rocks in the
surrounding area, the deposit’s position relative to the inferred trace of the Greenhorn
thrust fault and its clast composition argue against its inclusion within the Cretaceous
Beaverhead formation. The modern topography, an approximately north-south trending
hill capped by an elongate basalt ridge, is interpreted to be a topographically inverted
Eocene paleovalley.
The Butcher Creek conglomerate, at its quarry exposure, is characterized by
homogeneous, felsic metamorphic clasts and conspicuously lacks any material derived
from the overlying basalt flows of the late Eocene to early Oligocene Virginia City
volcanic field. Field relations suggest that it lies beneath, or is interlayered with, the
Eocene felsic volcanic tuffs of the lower Virginia City volcanics. These stratigraphic
relations suggest that this conglomerate occurs at, or near, the base of the Paleogene
section in this area.
Clast counts demonstrate that the conglomerate becomes more heterogeneous
south of the quarry outcrop - the probable result of an influx of more locally derived
clasts further from the primary metamorphic source terrain. Clast imbrication data from
the quarry locality indicate derivation from the northeast (N60E), which along with the
predominately felsic metamorphic clast composition, suggest a source within the
southern Tobacco Root Mountains. Coarse-grained sandstone composed of disintegrated
metamorphic material is also present, usually in irregular lens interpreted as fluvial
channel deposits. Minor reddish siltstones are also present and are interpreted to be
pedogenic in origin.
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Geologic setting
The Butcher Creek conglomerate is located in a topographically low area between
the Tobacco Root Mountains to the north and the Gravelly Range to the south (Figure 1).
This area is dominated at the surface by the Paleogene volcanics of the Virginia City
volcanic field. The Paleogene section is underlain by Archean rocks and isolated
remnants of the lower Paleozoic section. This area was clearly subjected to extensive
erosion prior to deposition of the Butcher Creek conglomerate and the volcanics of the
Virginia City volcanic
field. Mesozoic rocks are
not present in the
immediate vicinity of the
Butcher Creek
conglomerate although
they exist further to the
south in the Gravelly
Range.
The Butcher Creek
conglomerate itself
comprises a conspicuous,
generally north-south
trending hill directly to the
west of the Axolotl Lakes
(Figure 2). Exposure is
poor except in a few areas
along the bed of Butcher
Creek and in recently
Figure 1: Geologic map of Butcher Creek area. Main hill of
Butcher Creek Conglomerate is circled, the square
surrounds the area of probable derivation of felsic
metamorphic clasts. Black arrows point at two smaller
outcrops of unit (Tvs) mapped by Kellogg and Williams and
which may represent a southern continuation of a Paleogene
paleovalley (from Kellogg and Williams (2006)).

excavated road cuts and a
gravel quarry. This gravel
hill is directly overlain by
an anastomosing, elongate
basalt ridge. The Axolotl
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Lakes occupy an irregular terrain of unstable felsic tuffs and related sedimentary rocks
displaced by modern debris flows. These landslides complicate field observations of the
stratigraphic relations of the felsic tuffs and the Butcher Creek conglomerate. The
Butcher Creek conglomerate is hypothesized, based on stratigraphic and sedimentological
considerations summarized below, to represent the base of the Paleogene section in the
northern Gravelly Range.
Recent mapping of the Ennis 30’x 60’ quadrangle by Kellogg and Williams
(2006), lends independent confirmation to this hypothesis. Their map unit (Tvs) includes

Figure 2: Image of Butcher Creek area looking north towards the Tobacco Root Mountains.
Elongate hill of conglomerate capped by linear basalt flow is to left. Modern landslide
deposits composed of Eocene felsic volcanic material surround topographic lows containing
the Axolotl Lakes to right. Oligocene basalt flows overlie older sedimentary rocks and
Archean metamorphics throughout most of this area. Archean felsic metamorphics are
exposed in roadcuts underneath the basalt flows along the highway between Virginia City
and Ennis. The area labeled ‘felsic metamorphics’ is approximate location of sample
collected for thin section analysis of probable source rock for conglomerate and sandstone at
quarry location. Image courtesy of Google Earth ™ & Google Inc. ™ .
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the area referred to here as the Butcher Creek conglomerate and is assigned an Eocene
age at the base of the Virginia City volcanic field. Kellogg and Williams (2006), referring
to the earlier mapping of Hadley (1969, 1980), describe the unit (Tvs) as primarily
volcaniclastic in nature - a view incompatible with the homogeneous metamorphic
lithologies observed in the Butcher Creek quarry. It is proposed that the volcaniclastic
lithologies described by Kellogg and Williams (2006) probably represent a later phase of
basin development and should probably be referred to the lower felsic volcanic unit of the
Virginia City volcanic field. The paucity of volcanic clasts in the Butcher Creek
conglomerate implies that it predates any activity associated with the Virginia City
volcanic field and should be considered as a separate unit within the Renova Formation.

Stratigraphic position and age
The Virginia City volcanic field can be subdivided into two units, a lower felsic
tuff unit and an upper basalt flow unit. Radiometric (K-Ar) dating conducted by Marvin
et al. (1974) indicates an Eocene age (51-45 Ma) for the felsic tuffs and a late
Eocene/early Oligocene age (30-34 Ma) for the overlying basaltic volcanics. The Butcher
Creek conglomerate clearly underlies the younger basalt flows, but its relationship to the
older felsic tuffs is uncertain. The conspicuous lack of either basalt or definitive felsic
volcanic clasts in samples collected from the conglomerate and in a thin section taken
from the interlayered coarse sandstones at the quarry locality strongly suggests that the
Butcher Creek conglomerate predates emplacement of the Virginia City volcanic field.
Furthermore, the fact that its clasts are almost entirely derived from Archean
metamorphics suggests that the Butcher Creek conglomerate is not a Cretaceous
synorogenic gravel. Thrust sheets of the Snowcrest /Greenhorn thrust system are
dominated by Paleozoic and Mesozoic lithologies which are largely absent from the
Butcher Creek deposits. Considering the amount of erosion that would have to occur
before such a homogeneous metamorphic gravel could form, it seems unlikely that it
could be contemporaneous with thrusting in the Snowcrest /Greenhorn fault system.
Observed paleocurrent indictors suggest paleoflow was from the northeast, away from the
location of Cretaceous thrust sheets. Furthermore, the trace of the Greenhorn Fault
inferred by Kellogg and Williams (2006) would place most of the Butcher Creek
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conglomerate in the hangingwall of the eroded thrust sheet rather than in the footwall
where a synorogenic gravel is most likely to form.
One additional feature relevant to the dating of the Butcher Creek conglomerate is
the elongate ridge of basalt which appears to directly overlie the conglomerate south of
the quarry locality without any intervening felsic volcanic material. This suggests the
possibility of either an erosive episode between discrete felsic and mafic volcanic events
or a more complicated history of bimodal volcanism than has been previously recognized
in the Virginia City field. An absolute age for the Butcher Creek conglomerate cannot be
confidently assigned until more precise biostratigraphic or radiometric age data becomes
available. However, based on relative age criteria, it appears to be no younger than
middle to late Eocene.

Sedimentology
Figure 3 shows the location of two measured sections within the quarry locality.
A schematically represented composite measured section is shown in Figure 4. The
original sedimentary
environment of the
rocks exposed in the
quarry walls is
probably best
interpreted as a high
energy braided
stream or alluvial fan
environment. This is
suggested by the
predominance of
relatively large
clasts, the crude
layering and pebble
imbrication, and the
Figure 3 – Location of the two measured sections at the quarry locality
along the dirt road between Virginia City and Axolotl Lakes.
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presence of both

coarse-grained sandstone lenses and minor red and gray/green clay or silt layers (Figure
5). The largely clast-supported conglomerate layers are moderately well-sorted with a
predominance of clasts in the 4-8 cm in diameter range. Some larger clasts are also
present, especially in the more poorly organized, matrix-rich beds. These probably
represent debris flow episodes superimposed on a dominantly braided stream deposit.
Individual clasts are subangular to subrounded and often highly weathered. Thin,
discontinuous layers and individual clasts of reddish or gray/green siltstone and
claystone, some with apparent root halos, are interpreted to be the remnants of
weathering zones or
incipient paleosol horizons
probably representing
overbank facies. One large
(~1.0 m diameter) rounded
boulder of reddish claystone
was observed, suggesting
that many of these finegrained clasts formed in a
stable subaerial environment
and were occasionally
remobilized by high energy
flows. Analysis of a thin
section cut from this boulder
shows isolated, weathered
quartz grains, usually
rimmed by iron oxide,
surrounded by porous,
amorphous clay and iron
Figure 4 – Composite measured section of Butcher Creek
quarry locality showing sedimentary facies relationships.

oxide minerals. These
observations are consistent

with a paleosol formed in a warm, moist environment (FitzPatrick, 1984; Retallack, 1996,
2001). This sedimentary package is interpreted to represent deposition in a high-energy
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mountain stream or in the middle to distal portion of an alluvial fan environment. A local
paleodrainage system serving as a watershed for the southern portion of an ancestral
Tobacco Root uplift seems the most likely scenario.

Clast counts and paleocurrent directions
Samples were collected from two sites within the Butcher Creek conglomerate, at
the quarry site and along the east bank of Butcher Creek itself (Figure 2). Clasts at both
localities are
dominantly felsic
metamorphic
lithologies. Coarsegrained, poorly
banded quartz-rich
gneiss is the most
common constituent.
However, some gneiss
clasts also contain
abundant plagioclase,
potassium feldspar,
biotite, muscovite,
Figure 5 – Measured section #2 in Butcher Creek quarry showing
relation of sedimentary facies. Note color difference between
conglomerate composed of felsic metamorphic clasts and modern
soil profile rich in basaltic material from overlying lava flows.

amphiboles and red
garnet. At the quarry
locality, minor fine-

grained quartzites and red to green/gray clay to siltstone clasts are also present. No
unambiguous Paleozoic or Mesozoic sedimentary rocks, volcanic fragments or igneous
lithologies were observed at the quarry locality. This clast composition is consistent with
derivation from the metamorphic lithologies described by Vitaliano et al (1979) in the
southern Tobacco Root Mountains.
Conglomerate layers often show apparent imbrication of elongate clasts (Figure
6). These paleocurrent indicators suggest flow was from the northwest (~ N60W), an area
on the southern flanks of the Tobacco Root Mountains characterized by Archean rocks
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usually overlain by basalt of the upper Virginia City volcanic field. Figure 1 shows the
area of probable derivation for the clasts at the quarry locality based on clast lithologies

Figure 6 – Imbrication of pebbles in conglomerate near measured section #1 in Butcher Creek
quarry. View towards west-northwest. Note light-colored felsic metamorphic clasts and
interbedded coarse grained sandstone.

and the measured paleocurrent direction. If derivation of this conglomerate predated
emplacement of the Virginia City volcanics, then a larger area of exposed Archean rocks
could have supplied material to the quarry location.
Clast lithologies at the Butcher Creek locality about 0.5 km to the south are more
varied but are still dominantly represent felsic metamorphic rock fragments (Figure 7). A
more diverse suite of metamorphic lithologies is present, along with apparent fragments
of Paleozoic rocks. In particular, several clasts of reddish sandstone containing numerous
rounded quartz pebbles correspond closely to the description given by Manske (1961)
and Bubb (1961) for the lower portion of the Flathead Formation in the northern Gravelly
and Greenhorn Ranges. Light colored chert may have ultimately been derived from silica
replacement of carbonate in lower Paleozoic limestones. This greater diversity of clast
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types is interpreted to
reflect derivation from
local tributaries of the
main paleovalley draining
the southern Tobacco
Root Mountains. Kellogg
and Williams (2006)
mapped several remnants
of their unit (Tvs) south of
the Butcher Creek locality
(Figure 1), an observation
consistent with a
Paleogene, north-south
oriented paleovalley
crossing the area later
uplifted to form the
Gravelly Range. The
presence of Oligocene age
rocks along the crest of
the southern Gravelly
Range (Luikart, 1997)
Figure 7: Comparison of clast compositions at quarry site and along
the bank of Butcher Creek about 0.5 km to the south of the
quarry. Note greater diversity of clast types at southern locality.

provides corroborative
evidence that this area

was a depositional center, not a high elevation erosional source area, during Paleogene
time.

Thin section analysis
A sample from one of the coarse-grained sandstone lenses interlayered with the
conglomerates near measured section #1 was cut for thin section analysis. The results of
this thin section analysis generally support the conclusions of the conglomerate clast
count at the quarry location. Fragments composed of polycrystalline quartz and
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individual quartz and feldspar grains are the most common elements present and probably
correspond to the quartz-rich felsic gneiss and quartzite clasts observed in hand samples.
Grains composed of approximately equal amounts of quartz and microcline are also
observed and probably correspond to the granitic gneiss specimens in the clast counts.
Under crossed polars, tartan twinning can be observed in the stained microcline
grains along with undulose extinction of polycrystalline quartz grains and minor mica

Figure 8 – Comparison of thin sections taken from coarse sandstone deposit at quarry locality (top)
and from probable source area located to the northeast (bottom). Plane light (left) and crossed
polar (right) views are shown for both thin sections. Note the polycrystalline quartz grains
showing undulose extinction and the ‘tartan twinning’ of microcline grains in both sections.
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grains which show high interference colors (Figure 8). A groundmass of smaller quartz
and feldspar fragments, along with abundant interstitial clay, is also present. Individual
garnets and garnet-bearing clasts are conspicuously absent from this thin section and may
reflect greater survivability of quartz and feldspar grains in the coarse-grained sandstone
deposits. Overall, this mineral assemblage appears to be consistent with derivation from a
high grade felsic metamorphic terrain such as that described by Vitaliano et al (1979) for
the southern Tobacco Root Mountains. This is corroborated by comparison with a thin
section cut from a sample of felsic metamorphic rock obtained from a road cut several
kilometers to the northeast of the quarry locality. Polycrystalline quartz and microcline
showing distinct tartan twinning, virtually indistinguishable from that observed in the
quarry thin section (Figure 8), strongly suggests that these felsic metamorphic rocks were
the primary source locality for the conglomerate and sandstone clasts in the quarry.

Summary
In conclusion, it seems likely that the proposed Butcher Creek member of the
Renova Formation represents erosion of the metamorphic rocks of an ancestral Tobacco
Root uplift and their subsequent deposition in an north-south trending paleodrainage
basin. The portion of the paleovalley exposed in the Butcher Creek quarry locality
probably represents deposition relatively near to the source, either in a high energy
mountain stream environment or a braided stream dominated alluvial fan environment.
Debris flow deposition probably played an important subsidiary role in the development
of the Butcher Creek conglomerate. Whether this ancestral Tobacco Root uplift was
active during Paleogene time or represented paleotopography inherited from Cretaceous
orogeny is still an unsettled question.
This gravel may be a southern analog of the basin margin breccias and
conglomerates described by Elliot (1998, 2003) within the Oligocene Dunbar Creek
Member of the Renova Formation in the Harrison Basin to the north of the Tobacco Root
Mountains. As described by Elliott (2003), these basal Paleogene deposits record the
initial denudation of the Laramide Tobacco Root Mountains with paleoflow indicators
and clast provenance data indicating flow away from the Tobacco Root uplift towards the
north. I suggest that the Butcher Creek gravel is a similar paleovalley deposit recording
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flow off of the southern flank of the same Tobacco Root uplift. The apparent Eocene age
of the Butcher Creek deposits implies that they are not precisely time equivalent to the
deposits in the Harrison Basin; however, a similar mechanism operating on the flanks of
a long-lived topographic high could produce similar deposits over a considerable span of
time. The presence of an elongate ridge of basalt along the crest of the hill which
comprises the bulk of the Butcher Creek conglomerate suggests that the paleovalley
possibly continued to exist as a discrete feature at least into early/middle Oligocene time.
However, this feature could simply be an erosional remnant of the larger basalt plateau.
Further research will be necessary to determine the answer to this question.
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ABSTRACT
The late Eocene to early Miocene Renova Formation records initial post-Laramide
sediment accumulation in the intermontane basin province of southwest Montana.
Recent studies that postulate deposition of the Renova Formation were restricted to
a broad, low-relief, tectonically quiescent basin on the eastern shoulder of an active
rift zone vastly differ from traditional models in which the Renova Formation was
deposited in individual intermontane basins separated by basin-bounding uplands.
This study utilizes detrital zircon geochronology to resolve the paleogeography
of the Renova Formation. Detrital zircon was selected as a detrital tracer that can
be used to differentiate between multiple potential sources of similar mineralogy but
with distinctly different U-Pb ages. Laser ablation-multicollector-inductively coupled
plasma mass spectrometry (LA-MC-ICPMS) U-Pb detrital zircon ages were determined for 11 sandstones from the Eocene-Oligocene Renova Formation exposed in the
Sage Creek, Beaverhead, Frying Pan, Upper Jefferson, Melrose, and Divide basins.
Detrital zircon ages, lithofacies, paleoflow, and petrography indicate that provenance of the Renova Formation includes Paleogene volcanics (Dillon volcanics and
Lowland Creek volcanics), Late Cretaceous igneous intrusions (Boulder batholith,
Pioneer batholith, McCartney Mountain pluton), Mesozoic strata (Blackleaf Formation, Beaverhead Group), Belt Supergroup strata, and Archean basement. The oldest deposits of the Renova are assigned Bridgerian to Uintan North American Land
Mammal (NALM) ages and contain detrital zircons derived from volcanic, sedimentary, and metamorphic rocks constituting the “cover strata” to uplift-cored Late
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Cretaceous plutonic bodies. Regional unroofing trends are manifested by a decreased
percentage of cover strata–sourced zircon and an increased percentage of plutonsourced zircon as Renova deposits became younger. Zircon derived from Late Cretaceous plutonic bodies indicate that initial unroofing of the McCartney Mountain
pluton, Pioneer batholith, and Boulder batholith occurred during Duchesnean time.
Facies assemblages, including alluvial fan, trunk fluvial, and paludal-lacustrine
lithofacies, are integrated with detrital zircon populations to reveal a complex Paleogene paleotopography in the study area. The “Renova basin” was dissected by paleouplands that shed detritus into individual intervening basins. Areas of paleo-relief
include ancestral expressions of the Pioneer Range, McCartney Mountain, Boulder
batholith–Highland Range, and Tobacco Root Range. First-order alluvial distributary systems fed sediment to two noncontiguous regional-trunk fluvial systems during the Chadronian. A “Western fluvial system” drained the area west of the Boulder
batholith, and an “Eastern fluvial system” drained the area east of the Boulder batholith. Chadronian paleodrainages parallel the regional Sevier-Laramide structural
grain and may exhibit possible inheritance from Late Cretaceous fluvial systems.
Detrital zircons of the Renova Formation can be confidently attributed to local
sources exposed in highlands that bound the Divide, Melrose, Beaverhead, Frying
Pan, Upper Jefferson, and Sage Creek basins. The data presented in this study do not
require an Idaho batholith provenance for the Renova Formation.

INTRODUCTION
Paleogene evolution of the northwest U.S. Cordillera is
marked by an early to mid-Eocene transition between late-stage
Laramide construction and the onset of Cenozoic extensional
and erosional deconstruction of the Sevier-Laramide orogenic
wedge (Rasmussen, 2003). Pervasive intermontane basin development (Fields et al., 1985; Janecke, 1994; Constenius, 1996),
widespread metamorphic core complex formation (Hodges and
Applegate, 1993; O’Neill et al., 2004; Foster et al., 2007, and references therein), and rapid unroofing and denudation of regional
Late Cretaceous plutonic bodies (Stroup et al., 2008) suggest that
initial deconstruction of the orogen had begun by Eocene time.
Owing to the inherent structural complexity of the western U.S.
Cordillera having resulted from multiple episodes of tectonic
overprinting, many workers (Richard, 1966; Kuenzi and Fields,
1971; Hanneman, 1989; Fritz and Sears, 1993; Janecke, 1994;
Thomas, 1995; Constenius, 1996; Stroup et al., 2008; Schwartz
and Schwartz, 2009) have utilized the post-compressional sedimentary record of intermontane basin fill to reconstruct Paleogene
crustal evolution of the Cordilleran orogenic wedge. Intermontane basin-fill deposits contain a robust sedimentary record of
temporal and spatial denudation of the landscape and are useful
for discerning areas of paleorelief, identifying unroofing trends,
and delineating paleo-dispersal pathways.
Constraining the onset of post-Laramide intermontane basin
development in the northern U.S. Cordillera has been a topic of
substantial interest over the past few decades (Kuenzi and Fields,
1971; Fields et al., 1985; Fritz and Sears, 1993; Janecke, 1994;
Thomas, 1995). Approximately 30 intermontane basins and
intervening ranges dissect the Cenozoic landscape of southwest
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Montana and eastern Idaho over an area 200 km2 (Stroup et al.,
2008). Paleogene sedimentary rocks of the Renova Formation
of southwest Montana and age equivalent Medicine Lodge beds
(Scholten et al., 1955) and Cabbage Patch beds (Konizeski and
Donohoe, 1958) in eastern Idaho record initial post-Laramide
sediment accumulation in the intermontane basins and preserve
a comprehensive record of paleodrainage and paleogeographic
evolution, spatial distribution of depositional environments, and
unroofing and denudation trends atop the post-compressional
Sevier-Laramide orogenic wedge.
Previous workers (Pardee, 1950; Kuenzi and Fields, 1971;
Reynolds, 1979; Fields et al., 1985; Hanneman, 1989; Fritz and
Sears, 1993; Thomas, 1995; Schwartz and Schwartz, 2009)
have disputed the paleogeography and depositional systems of
the Paleogene Renova Formation and age equivalents, and the
implications for intermontane basin development. Traditional
thought (Pardee, 1950; Richard, 1966; Kuenzi and Fields, 1971;
Reynolds, 1979; Fields et al., 1985; Hanneman, 1989) is that the
Renova Formation and age equivalents were deposited in individual intermontane basins arranged in a similar configuration to
the modern contiguous intermontane basin system. Traditional
thinking was based primarily on outcrop sedimentology, with
early workers documenting the presence of coarse basin-margin
facies throughout the Renova Formation adjacent to modern
basin-margin uplifts (Robinson, 1963; Hanneman, 1989). Clast
composition and mineralogy of sediments within the basin margin facies was equivalent to composition of the adjoining uplift;
thus intervening uplands were inferred to have supplied detritus
to the basins.
The traditional model was largely restructured in the mid1990s in response to new studies that argued against a uniform

spe487-04  page 65
Application of detrital zircon provenance in paleogeographic reconstruction of an intermontane basin system
origin for all basins within the intermontane basin province. Fritz
and Sears (1993) documented deposits of a 16–2 Ma paleovalley resting in angular unconformity above tilted Renova Formation preserved atop the modern Blacktail, Ruby, Tendoy,
and Centennial Ranges. Fritz and Sears (1993) presumed that
the Renova Formation had been deposited as a blanket deposit
across southwest Montana and was later structurally partitioned
and preserved in individual normal-fault–bound basins following mid-Miocene extension, as marked by an angular unconformity between the Renova Formation and the overlying Sixmile
Creek Formation (Kuenzi and Richard, 1969). The presence of
the 16–2 Ma paleovalley atop modern ranges seemed to suggest
that the landscape was partitioned further by an episode of Neogene faulting at ca. 2 Ma following migration of the Yellowstone
hotspot into the area (Fritz and Sears, 1993; Sears et al., 2009).
Janecke (1994) interpreted an Eocene to Oligocene northto north-northwest–trending rift zone, 100 ± 25 km wide, which
stretched from eastern Idaho into southwest Montana. Janecke
(1994) documented six remnants of half grabens within the rift
zone. Paleocene sediments of the Renova-equivalent Medicine
Lodge beds and Cabbage Patch beds within the half grabens are
rift-fill deposits and are generally coarser and more variable than
the type Renova Formation in the basins to the east (M’Gonigle
and Dalrymple, 1993; Janecke, 1994; Janecke and Blankenau,
2003). In Janecke’s (1994) model, deposition of the Renova Formation was restricted to a broad, low-relief, tectonically quiescent
basin on the eastern shoulder of the rift. Janecke (1994) speculated that a river might have flowed across the eastern shoulder
of the rift, transporting fine-grained sediment from the rift zone
into the “Renova basin.” Thomas (1995) interpreted an Idaho
batholith provenance for two-mica sandstones within the Renova
Formation, and hypothesized that drainages with headwaters in
the highlands of the Idaho batholith drained eastward across the
Paleogene rift zone into a low-relief Renova basin.
Recent work (Stroup et al., 2008) reexamined Janecke’s
(1994) and Thomas’ (1995) model of a rift-transverse fluvial system that breached the rift shoulder and supplied sediment to the
Renova basin. Following Thomas’ (1995) study, other workers
advocated for nearly complete separation between deposition systems within the rift and in the Renova basin on the rift shoulder
(Janecke et al., 1999). Stroup et al. (2008) tested the hypothesis
that the rift was a topographic feature in the Paleogene by evaluating if the provenance of Eocene-Oligocene rocks within the rift is
different than the provenance of rocks in the Renova Formation
east of the rift. Stroup et al. (2008) conclude that a drainage divide
segregated fluvial sytems within the rift from the drainages within
the Renova basin but are uncertain whether the drainage divide
was persistent or intermittent during the Paleogene.
Pilot studies by the authors (Lielke, 2008; Rothfuss et al.,
2008) in intermontane basins east of the Paleogene rift zone
provide facies evidence that Cenozoic paleohighs influenced
deposition patterns in the Renova basin during the late Eocene.
Basin-margin alluvial facies of the Red Hill map unit (Rothfuss
et al., 2008) and the Butcher Creek conglomerate (Lielke, 2008)
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are exposed along the margins of the present-day basins adjacent
to modern topographic highs, including Bull Mountain, Doherty
Mountain, and the Tobacco Root Range. Clast composition
and paleoflow support a local source in the adjoining highlands
(Rothfuss et al., 2008; Lielke, 2008). Distal alluvial fan facies
of the Red Hill map unit in the North Boulder basin interfinger
with quartzofeldspathic cross-stratified, basin-axial, trunk fluvial
sandstones (Rothfuss et al., 2008). Traditional point-counting
techniques do not resolve whether the quartzofeldspathic detritus
that was transported by Renova trunk fluvial systems was sourced
by the Idaho batholith in accordance with the Thomas (1995)
model or by local Late Cretaceous plutons in the intervening
highlands supporting the traditional (Fields et al., 1985) model.
Goals of the study presented herein are to (1) identify and
develop a comprehensive methodology for interpreting provenance of the Renova Formation that resolves discrepancies
between the traditional (Fields et al., 1985) and Thomas (1995)
models, (2) evaluate the contribution of Idaho batholith–derived
detritus in the Renova basin east of the rift shoulder and assess
the detrital contribution by local uplifts into Renova deposits,
(3) generate a paleogeographic model for Renova deposition in
basins east of the rift zone and test whether Paleogene fluvial
systems did breach the eastern rift shoulder, and (4) comment on
timing of intermontane basin development east of the rift zone.
APPROACH
Paleogeographic and paleodrainage reconstruction is a wellestablished technique for inferring areas of paleorelief, interpreting basin origin and infill history, and documenting unroofing of
an orogen (Andresen, 1962). Paleogeography and paleodrainage
are commonly reconstructed from paleoflow vectors (DeCelles
et al., 1983), spatial lithofacies associations (Brown, 1969), and
diagnostic detrital tracers (Sears et al., 2009).
Thomas (1995) used two-mica clasts as detrital tracers to
link the provenance of the Renova Formation to a two-mica pluton in the Idaho batholith near Chief Joseph Pass (Anaconda metamorphic core complex). Careful review of the literature reveals
that the Clifford Creek (Zen, 1996) granite in the eastern Pioneer
Range on the western shoulder of the Renova basin is a two-mica
granite that yields K-Ar ages of 58–50 Ma (Desmarais, 1983).
The Stein Creek Granite of the Pioneer batholith is another twomica granite (Zen, 1988). Additional sources of two-mica detritus in the Renova Formation are discussed in Schwartz (2010).
Thus, two-mica grains are not a conclusive indicator of provenance in southwest Montana. Quartzofeldspathic composition of
sandstones within the Renova Formation cannot be confidently
attributed to any particular uplift, because the regional landscape is punctuated by an array of Late Cretaceous quartzofeldspatic plutonic bodies that may have supplied quartzofeldspathic
detritus into the basin(s). Quartzo-feldspathic composition of
fluvial sands of the Renova Formation could support a western provenance in the Idaho batholith within the Paleogene rift
zone (Thomas, 1995) or a local provenance of Late Cretaceous
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plutonic bodies coring basin-margin uplifts within the Renova
basin (Kuenzi and Fields, 1971; Fields et al., 1985).
In recent years, sophisticated geochemical and isotopic
methods for interpreting provenance of detrital grains have been
applied to paleogeographic studies. One of the most commonly
utilized methods, U-Pb geochronology of detrital zircons, is a
powerful tool for confining sedimentary provenance, delineating
paleodispersal pathways, interpreting areas of paleorelief, and
tracking evolution of continental crust (Fedo et al., 2003). Zircon
is a heavy mineral that is typically concentrated in siliciclastic
sedimentary systems (Morton and Hallsworth, 1999). Zircons
are highly resistant to chemical and mechanical weathering, erosion, and diagenesis, and therefore can withstand multiple stages
of sedimentary recycling. First-cycle zircons enter the sedimentary system via weathering of igneous or metamorphic rocks.
Second cycle, or multicycle, zircons come into the sedimentary
system through weathering of source rocks that contain previously deposited zircons. Zircon source and sink transport vectors can be inferred if it can be demonstrated that the zircon of a
sedimentary system consists solely of first cycle zircons (Stroup
et al., 2008). Second cycle zircons yield information about the
ultimate older first-order source but do not conclusively reveal
younger second-order sources. Because zircon is a durable,
refractory phase, it can withstand multiple episodes of recycling
in sedimentary systems; thus zircon ages do not conclusively
identify source lithology. Zircon provenance is best interpreted
in conjunction with petrographic data, paleoflow indicators, and
depositional facies observations (DeGraaff-Surpless et al., 2003;
Fedo et al., 2003; Weislogel et al., 2006).
Detrital zircon geochronology was selected as the method
of choice for a provenance study of the Renova Formation,
because zircons are detrital tracers that can differentiate between
sources of similar mineralogic composition that yield different
U-Pb ages. Abundant detrital zircon age data are available for the
individual regional plutonic bodies (Lund et al., 2002; Wooden
et al., 2008; Gaschnig et al., 2010), and published ages differ for
each igneous body.
This study area includes five intermontane basins (Divide,
Melrose, Beaverhead, Sage Creek, Upper Jefferson) and two subbasins (Frying Pan and Rochester) in the Renova basin directly
east of the Paleogene rift zone (Fig. 1). Both the Frying Pan and
Rochester sub-basins are contained within the greater Beaverhead basin. Abundant land-mammal biostratigraphic data have
been collected in this vicinity and are applied to help constrain
depositional age (Hoffman, 1971; Fields et al., 1985; Tabrum
et al., 1996). The study area lies within a complex landscape partitioned by Late Cretaceous igneous bodies, each with a distinct
U-Pb zircon age. Also, two-mica sandstones of Thomas (1995)
are present in some basins of the study area.
METHODS
Zircon samples were collected from 11 sandstone outcrops
of the Renova Formation with known North American land mam-
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mal (NALM) ages and stratigraphic positions. Zircon separation
was performed using standard techniques for mineral separation,
including crushing, pulverizing, water and magnetic separation,
heavy liquids, and hand picking.
Ages of detrital zircons were determined using Isoprobe
laser ablation-multicollector-inductively coupled plasma mass
spectrometry (LA-MC-ICPMS) at the Arizona LaserChron Center. Approximately 50–100 zircons were analyzed per sandstone.
For LA-MC-ICPMS analyses, zircons were mounted in epoxy
and polished to half-thickness until grains were exposed. The
analyses involved ablation of zircon with a New Wave/Lambda
Physik DUV193 Excimer laser operated at a wavelength of 193
nm and using a spot diameter of 30 µm. The laser produced an
ablation pit ~12 mm deep (Gehrels et al., 2006).
Zircons from one detrital igneous cobble were dated at the
U.S. Geological Survey–Stanford University using sensitive
high-resolution ion-microprobe reverse geometry (SHRIMPRG). For SHRIMP-RG analyses, zircons were mounted in epoxy
and polished to expose individual grains. Eight zircons were analyzed from the igneous cobble. The sample mount was covered
with roughly 10 nm of gold in a sputter coater. The primary oxygen beam was operated at ~7 nA and excavated a pit ~25 µm in
diameter by 1 mm deep. The magnet was cycled through the mass
stations four times per analysis. Elemental fractionation was
corrected by analyzing standard R33 zircons (419.9 Ma; Black
et al., 2004) every fourth analysis. Raw data were reduced using
the Squid Excel Macro (Ludwig, 2002).
Raw data from LA-MC-ICPMS and SHRIMP-RG analyses were plotted using the ISOPLOT/EX Excel Macro (Ludwig,
2003). Ages for samples younger than 1000 Ma were determined
by calculating the weighted average of 206Pb/238U ages. For
grains and inherited cores older than 1000 Ma, the age given is
the 207Pb/206Pb age. Errors are calculated at the 95% confidence
interval.
Paleoflow direction was determined from trough crossbedding using a Brunton compass following the standard techniques described in DeCelles et al. (1983). Additional paleoflow
indicators, including channel axes, imbricated clasts, and oriented silicified tree logs, were measured using standard techniques with a Brunton compass.
SEDIMENTOLOGY AND DEPOSITIONAL SYSTEMS
The stratigraphic framework for southwest Montana that
was developed by Robinson (1963) and modified by Kuenzi and
Fields (1971) subdivides Cenozoic sedimentary rocks of Bozeman Group strata into two formations, the basal middle Eocene to
lower Miocene Renova Formation and the middle-upper Miocene
Sixmile Creek Formation, which are separated by a regional midMiocene unconformity (Fig. 2; Kuenzi and Richard, 1969). The
Renova Formation records initial post-Laramide sediment accumulation in the intermontane basin province (Robinson, 1963),
marking the transition from fluvial incision to sediment backfilling and aggradation (Schwartz and Schwartz, 2009) concurrent
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Figure 1. General structural map of southwest Montana and surrounding area (modified from Kalakay et al., 2001, and
Foster et al., 2007). CMCC—Clearwater metamorphic core complex; BMCC—Bitterroot metamorphic core complex;
AMCC—Anaconda metamorphic core complex; IB—Idaho batholith; BB—Boulder batholith; PB—Pioneer batholith;
TRB—Tobacco Root batholith; SWMTZ—Southwest Montana Transverse Zone; FTB—fold-and-thrust belt. Note location of study area on eastern shoulder of Paleogene Rift Zone.

with a significant decrease in regional volcanism (Fields et al.,
1985). The Renova Formation contains abundant fine-grained
fluvial and lacustrine arkosic sandstones and mudstones (Kuenzi and Fields, 1971; Vuke, 2004), with minor alluvial-colluvial
pebble-cobble conglomerates locally present along basin margins
(Robinson, 1963; Hanneman, 1989; Lielke, 2008; Rothfuss et al.,
2008; Schwartz and Schwartz, 2009). In contrast, the overlying
Sixmile Creek Formation is characterized by coarse-grained
sandstone and conglomerate (Vuke, 2004).
Sedimentary Lithofacies
Five lithofacies were documented in the Divide, Melrose,
Beaverhead, Frying Pan, Rochester, and Jefferson basins. These
lithofacies comprise three primary facies associations, which
are divisible into 10 subfacies (Table 1). Lithofacies are identified and classified on the basis of lithologies, grain size trends,
sedimentary structures, internal organization and sorting, and
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bed geometries. Depositional environments are interpreted on the
basis of vertical and lateral facies associations.
Lithofacies 1: Breccias
Lithofacies 1a: Matrix-supported breccias. Description.
Laterally discontinuous deposits of poorly sorted to unsorted
breccias exhibit lobate geometries in plan view. Beds are 0.4 m to
2 m thick, with exposed lengths on the tens of meters scale. The
breccias are matrix-supported and contain subangular pebbles,
cobbles, and boulders (Fig. 3A). The matrix of the breccias is
variable between beds but is typically silty or sandy. The breccias
lack any internal stratification, but some deposits exhibit crude
upward coarsening.
Interpretations. The isolated geometry of the matrixsupported breccias suggests deposition by sediment gravity-flow
processes (Beaty, 1963; Hooke, 1967; Rust and Koster, 1984),
specifically by cohesive debris-flow processes (Wells and Harvey, 1987; Blair and McPherson, 1994). The subangular nature
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TABLE 1. LITHOFACIES DESCRIPTIONS AND INTERPRETATIONS FOR THE RENOVA FORMATION IN THE STUDY AREA, SOUTHWEST MONTANA
Texture and outcrop character
Sedimentary structures and internal
Transport mechanism
Depositional
Basin
organization
environment
occurrence

PIO509

FP209

10CR01,
10SC01,
MR209,
REN108,
DO109,
CLA608,
CLA7

PG208,
CHA108

Detrital
zircon
sample

487-04, t01

spe487-04  page 69

spe487-04  page 70
70

Rothfuss et al.

A

B

C

D

E

F

Figure 3. Photographs of representative facies of the Renova Formation. (A) Crudely inversely graded matrix-supported
breccia of lithofacies 1a in undifferentiated Renova Formation, Rochester area. (B) Vertically stacked, moderately sorted,
clast-supported, internally stratified conglomerates of lithofacies 2a in undifferentiated Renova Formation, Rochester
area. (C) Laterally coalesced and amalgamated cross-stratified conglomerates of lithofacies 2b; 1.5 m Jacob staff for
scale; Cabbage Patch Member, Divide basin. (D) Tabular cross-stratified, moderately sorted sandstone of lithofacies 3a,
undifferentiated Renova Formation, Frying Pan basin. (E) Chute and pool structure in pumice–granule rich sandstone of
lithofacies 3b; pencil for scale; undifferentiated Renova Formation, Frying Pan basin. (F) Algal laminations in carbonate,
Bone Basin member, Jefferson basin.
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of the clasts indicates that clasts did not undergo a long transport
distance (Robinson, 1963). Breccias with a silty or sandy matrix
were deposited by noncohesive debris flows (Wells and Harvey,
1987; Leleu et al., 2009). Crude inverse-grading of the breccias
is attributed to dispersive pressures in the flow that force colliding
clasts upward (Bagnold, 1954). Debris flows occur on steep valley slopes adjacent to alluvial fans and are preserved in proximal
fan facies (Nilsen, 1982).
Lithofacies 1b: Clast-supported breccias. Description.
Clast-supported breccias consist of laterally discontinuous deposits of poorly sorted to unsorted tabular to lobate breccias with
cross-sectional widths on the scales of meters to tens of meters.
Breccia clasts are dominantly subangular pebbles and cobbles.
The breccias are clast-supported and may be crudely normally
graded. Some imbricated clasts are present in the breccias. In
general, the breccia matrix is poorly sorted medium- to coarsegrained sand. Crudely cross-stratified coarse sandstone layers cap
the breccias and define bed boundaries. Clast-supported breccias
also occur as infill deposits of meter-scale scoured channels containing multiple upward-fining fill sequences.
Interpretations. Clast-supported breccias are deposited by
hyperconcentrated flows, which are partially turbulent flows with
high sediment to water ratios. Hyperconcentrated flow deposits
are thought to be deposited by flows that are transitional between
true Newtonian flows, such as channelized river flows, and nonNewtonian or plastic flows, such as debris flows (Hartley et al.,
2005). Crudely cross-stratified coarse sandstone layers that cap
breccia beds indicate that traction transport processes dominated
during the waning stages of the flow events. Hyperconcentrated
flow breccias are deposited in the intermediate reaches of alluvial
fans. Clast-supported breccias found as channel infill deposits are
interpreted as high-discharge partially turbulent flow events that
backfill preexisting cut channels. These deposits may represent
the inner channelized portion of alluvial fans developed in an
arid environment.
Lithofacies 2: Conglomerates
Lithofacies 2a: Clast-supported internally stratified conglomerates. Description. Crudely bedded, moderately to poorly
sorted pebble to cobble conglomerates are tabular, laterally continuous, and range in thickness from 0.5 to 1 m (Fig. 3B). The
beds exhibit internal organization; both inversely and normally
graded beds are present, although inversely graded beds are more
common. Conglomerates are clast-supported and contain subrounded to angular clasts. Imbricated clasts are commonly present. In the Rochester sub-basin, these conglomerates rest with
angular unconformity upon deformed Precambrian bedrock.
Interpretations. Clast-supported, internally horizontally
stratified conglomerates are deposited by unchannelized fluidflow processes known as sheetfloods (Nilsen, 1982). Sheetflood
sediments are deposited when sediment-choked floodwaters
emerge from the inner channelized portion of an alluvial fan and
disperse laterally over a wide, low-gradient area in the medial
or outer reaches of the fan (Nilsen, 1982; Wells, 1984). As the
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flood emerges from the channel an abrupt decrease in gradient,
coupled with a decrease in floodwater velocity, results in rapid
deposition of sheets of sediment (Nilsen, 1982). Inversely graded
beds are deposited owing to shear sorting in the flow, accompanied by rapid water loss following deposition. Conversely, normally graded beds are deposited as waning flood waters deposit
increasingly finer grained sediment over time.
Lithofacies 2b: Cross-stratified conglomerates. Description. Pebble to boulder conglomerates comprise vertically stacked
beds ~0.5 m thick. The conglomerates exhibit large-scale tangential cross-bedding with sharp undulatory erosional lower contacts
(Fig. 3C). Conglomerate beds have crude channel geometry. The
conglomerates are poorly sorted, and individual beds coarsen
upward. The conglomerates contain well-rounded clasts.
Interpretations. The cross-stratified conglomerates are interpreted as bedload channel infill and bar deposits that comprise
multistory braided river deposits of a system that underwent
frequent avulsion (Leleu et al., 2009). Cross-stratified gravels
are deposited by turbulent unidirectional fluid flow. The undulatory lower contact of the conglomerates indicates that erosion
and scour by channelized flow acted on the underlying bed prior
to deposition. Trough cross-strata are interpreted as either inchannel lunate dunes (Ramos and Sopena, 1983; Leleu et al.,
2009) or mesoscale dunes associated with bars that formed under
lower flow regime conditions (Bluck, 1979; Lunt et al., 2004;
Leleu et al., 2009).
Lithofacies 3: Sandstones
Lithofacies 3a: Moderately sorted cross-stratified sandstones. Description. Coarse-grained sandstones exhibit sharp
undulatory lower contacts and low-relief basal scours of <50 cm
relief. Sandstone beds are vertically stacked and laterally
coalesced. Beds are normally graded and contain basal rip-up
clasts or basal conglomerates along the scoured bases of individual stacked sandstone units. The sandstones are moderately sorted
and exhibit crude tabular and trough cross-bedding (Fig. 3D).
Bioturbation is pervasive throughout, and several beds contain
abundant vertical burrows.
Interpretations. The moderately sorted, cross-stratified sandstones are interpreted as bedload channel infill and bar deposits of a braided river system (Miall, 1977; Leleu et al., 2009).
Cross-stratified sandstones are deposited by turbulent unidirectional flow under lower flow-regime conditions. The undulatory
lower contact of the sandstones, as well as the presence of basal
mudstone rip-up clasts, indicates that erosion and scour by channelized flow acted on the underlying bed prior to deposition. Bioturbation is typically limited to low energy environments, and
burrowed units may represent abandoned channel fills or subaerially exposed longitudinal and lateral bar deposits.
Lithofacies 3b: Pumice-rich sandstones. Description. Wellsorted, pumice-rich, coarse-grained sandstones exhibit crude
horizontal stratification. Sandstones range from 5 to 10 cm thick,
and beds are cyclically stacked. The sandstones are dominated
by framework grains of pumice and are clast supported. Strata
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with abundant granules of pumice exhibit crude inverse grading.
Cross-bedding is rare to absent. Upper flow regime bedforms,
including antidunes and chute and pool structures, are present
(Fig. 3E). Some beds contain abundant convolute bedding and
soft sediment deformation. Vertical burrows crosscut bedding.
Burrows are ~5 cm wide by 20 cm high. Fragments of silicified
wood occur in a zone ~0.1 m thick and several tens of meters
wide that extends several meters into the outcrop.
Interpretations. The pumice-rich sandstones exhibit characteristics consistent with deposition by hyperconcentrated flows.
Hyperconcentrated flow deposits mark periods of rapid sediment
aggradation owing to an immense influx of sediment, in this case
volcaniclastic sediment, into the fluvial system (Smith, 1986;
Cole and Ridgway, 1993). Preservation of upper flow regime
bedforms, including antidunes and chute and pool structures,
indicates rapid aggradation of sediment. Convolute bedding and
soft sediment deformation also signify rapid sediment accumulation and loading. The zone of silicified wood fragments preserves
a logjam that formed when high-energy, sediment-laden flood
waters eroded and transported debris contemporaneous with or
immediately following a period of pyroclastic eruption (Cole and
Ridgway, 1993).
Lithofacies 4: Mudstones
Lithofacies 4a: Tuffaceous mudstones with associated
carbonate. Description. White tuffaceous mudstones and marls
crop out in small exposures, on the scale of 1 m in height and
a few meters in length. No sedimentary structures are visible in
the mudstones. The mudstones exhibit popcorn weathering. No
fossils were observed. In some outcrop exposures, tuffaceous
mudstones are capped by 0.5-m-thick beds of coarsely crystalline carbonate. Algal laminations are visible in some carbonate
beds (Fig. 3F).
Interpretations. These tuffaceous mudstones were likely
deposited from suspension in a shallow lake or wetland under
oxic conditions. Popcorn weathering of the mudstones suggests
that they contain bentonitic clays, likely sourced by regional
volcanics. The complete absence of sedimentary structures,
including a lack of laminations, suggests that the mudstones
were extensively bioturbated. Bioturbation in lakes and wetlands occurs during oxic conditions (Einsele, 2000). Carbonate
precipitation reflects periods of low terrigenous input, whereas
deposition of clastic mudstones and marls indicates periods of
high terrigenous input (Einsele, 2000). The presence of algal
laminations in some carbonate beds reveals that these sediments
accumulated in shallow oxic waters in the photic zone during
periods of low terrigenous input (Einsele, 2000). Ripley (1995)
interpreted similar lithofacies as ephemeral lacustrine deposits
with lithologic changes spurred by recurrent flooding and desiccation in an arid environment. Carbonate deposition was possibly
enhanced by biological extraction of CO2 caused by the abundant
algal growth.
Lithofacies 4b: Gastropod-bearing mudstones. Description. Massive beds of white, tuffaceous, sandy mudstones contain
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no visible sedimentary structures and exhibit popcorn weathering. Thin, lensoidal bodies of fine-grained sandstone to siltstone,
on the scale of 1 m in width by 0.5 m in height, are occasionally
found in association with the mudstone. Mudstones bear abundant gastropod and vertebrate fossils.
Interpretations. The gastropod- and vertebrate-fossil–
bearing mudstones are interpreted as shallow lacustrine deposits.
Popcorn weathering of the mudstones suggests that they contain
bentonitic clays, likely sourced by regional volcanics. Thin lensoidal bodies of fine-grained sandstone and siltstone reflect terrigenous input into the lake, and may be subaqueous channels.
Alternately, these sandstones and siltstones may be throughgoing channels of a wetland (Dunagan and Turner, 2004). The
abundance of gastropod fossils in association with land mammal
fossils suggests that these mudstones represent a shallow, oxic
lacustrine or paludal environment. Additionally, these deposits
may be interpreted as pedogenically altered overbank deposits or
distal alluvial fan deposits. Roth (1986) reported the presence of
a variety of terrestrial gastropods in addition to fresh-water forms
in the Renova Formation.
Lithofacies 5: Paleosols
Lithofacies 5a: Paleosols exhibiting internal stratification
of parent material. Description. Weakly developed paleosols
consist of well-indurated, fine- to medium-grained, poorly to
moderately sorted, rounded to angular sandstones and siltstones.
Paleosol horizons are on the scale of 0.1 m thick and exhibit low
relief, irregular gradational basal contacts, and sharp erosional
upper contacts. These paleosols exhibit relatively well-preserved
internal organization and stratification inherited from the parent
material. Rootlets and burrows are present and increase in concentration near the upper contact of each unit. The paleosol parent material consists of alluvial material.
Interpretations. These weakly developed paleosols are Entisols, which exhibit minor pedogenic alteration and contain relict
primary sedimentary structures of the parent material (Retallack, 1990). The presence of rootlets and burrows is evidence
of pedogenic processes that influenced these siltstones and sandstones (Retallack, 1997). Entisols form over the scale of decades
(Birkeland, 1984; Retallack, 1990), and they preserve a higher
degree of relict internal stratification of the parent material than
other poorly developed soils, such as Inceptisols (Retallack,
1990). In the study area, Entisols are developed only on alluvial
parent material, and they signify very short decadal hiatuses during alluvial fan deposition during the Paleogene.
Lithofacies 5b: Paleosols with peds. Description. Poorly
developed paleosols consist of well indurated, fine- to mediumgrained, poorly to moderately sorted sandstones and siltstones.
Paleosol horizons are typically 0.4 m to 0.5 m thick, although
some horizons as thin as 0.1 m have been observed. Paleosol
units have low-relief, irregular gradational basal contacts and
sharp erosional upper contacts. The horizons have relatively high
clay content and exhibit vertical peds. Sand grains are rounded to
angular, and a few rounded pebbles are present. These paleosols
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retain faint internal stratification inherited from the parent material. Rootlets and burrows are present and increase in concentration near the upper contact of each unit. These paleosols are
found in association with moderately sorted cross-stratified sandstones of lithofacies 3 and 3b.
Interpretations. Poorly developed paleosols are classified
as Inceptisols (Retallack, 1990). The presence of vertical peds,
rootlets, and burrows indicates that these siltstones and sandstones are paleosols (Retallack, 1997). Inceptisols are differentiated from Entisols based on the presence of vertical peds, which
indicate a higher clay content in the soil (Retallack, 1990). Inceptisols form on the scale of centuries (Birkeland, 1984; Retallack,
1990), and they are generally found developed on moderately
sorted cross-stratified sandstone lithofacies 3a, and signify short,
century-scale hiatuses in fluvial deposition.
Depositional Systems of the Renova Formation
The alluvial-fan facies association consists of matrixsupported breccias (lithofacies 1a), framework-supported breccias (lithofacies 1b), and clast supported internally stratified
conglomerates (lithofacies 2a). Alluvial fan facies in the Divide,
Melrose, Beaverhead, and Rochester basins are limited in occurrence to basin margins. In the Sage Creek basin, alluvial fans
are developed proximal to volcanic highlands associated with
the lower and middle Dillon volcanics. Paleoflow indicators
in alluvial fan sediments document radiating sediment dispersal away from Paleogene basin-bounding uplifts, including the
Boulder batholith–Highland Range, McCartney Mountain, and
Pioneer Range.
The fluvial facies association consists of cross-stratified
conglomerates (lithofacies 2b), moderately sorted trough crossbedded sandstones (lithofacies 3a), and pumice-rich sandstones
(lithofacies 3b). Inceptisols (lithofacies 5b) occur in association
with fluvial sandstones and record century scale hiatuses in fluvial deposition, likely indicating frequent channel avulsion in a
braided fluvial system. Braided fluvial systems are characterized
by numerous shallow, unstable low-sinuosity channels (Boggs,
2006). Braided fluvial systems have non-cohesive banks that lack
mud and are highly erodable. In-channel bar forms are abundant.
In braided systems, floodplain deposits are rarely preserved
owing to frequent channel avulsion. Channel infill and bar forms
are the most commonly preserved features of braided fluvial
systems. Fluvial facies are documented in the Divide, Melrose,
Beaverhead, Frying Pan, Jefferson, and Sage Creek basins. In the
Renova Formation, fluvial facies typically occur as basin-center
deposits, although fluvial facies do interfinger with alluvial fan
facies near basin margins.
The lacustrine-paludal facies association includes tuffaceous mudstone with associated carbonate (lithofacies 4a) and
gastropod-bearing mudstones (lithofacies 4b). Trunk fluvial systems drain into and out of lakes and migrate through wetlands
(Miall, 1996). Lacustrine facies may be contemporaneous with
arid climates and closed basin conditions, whereas paludal facies
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are indicative of humid climates and through-going fluvial systems. Alternately, these facies may be associated with distal
alluvial fans. Lacustrine-paludal facies are documented in the
Melrose and Jefferson basins.
DETRITAL ZIRCON AGES, PETROGRAPHY, AND
PALEOFLOW: PROVENANCE OF THE RENOVA
FORMATION
Detrital Zircon Geochronology
Sample locations are illustrated in Figure 4. Data in the text
are arranged by basin in stratigraphic order from oldest to youngest; ages are assigned following North American Land Mammal
(NALM) ages, except where otherwise noted. All detrital sandstone samples were dated using LA-MC-ICPMS. A detrital igneous cobble (CLA6) was dated using SHRIMP-RG. Raw zircon
data can be accessed in the GSA Data Repository.
Link et al. (2008) and Stroup et al. (2008) presented detrital
zircon U-Pb SHRIMP ages for 12 samples of sandstone from
the Renova Formation and its equivalents. Four of the Link et al.
(2008) and Stroup et al. (2008) sample localities lie within the
study area of this project (Fig. 4). These data are compiled for
consideration with our results and are herein discussed together,
organized by basin in chronostratigraphic order in conjunction
with thin-section petrographic data and paleocurrent data, where
available. Refer to Table 2 for a comprehensive list of detrital
zircon source rocks.
Sage Creek Basin. Results. In the Sage Creek basin a crossstratified fluvial sandstone (10-SC-01; Fig. 5A) from the Sage
Creek Member of the basal Renova Formation was collected from
an outcrop bearing Bridgerian NALM fossils. The Sage Creek
Member consists of a thick (at least 100 m) section of multistory,
trough cross-bedded volcaniclastic sandstone beds with scoured
bases and which typically fine upward. Paleocurrent directions
are generally consistent within each bed but vary between individual sandstone layers. Paleocurrent flow indicators suggest that
flow varied from NE to SW with a mean flow direction of S42E.
This sample yielded distinctly bimodal Precambrian and Paleogene detrital zircon populations. Precambrian zircons predominate (n = 27), including significant populations of ca. 1.8–1.3 Ga
and ca. 2.7–2.6 Ga zircons. Only one Cretaceous (85 Ma) zircon
was found. Also noteworthy is the presence of two Late Ordovician (ca. 430 Ma) zircons.
Interpretations. Paleogene zircons reflect derivation from
contemporaneous Eocene Challis-Absaroka–Lowland Creek
and Lower Dillon volcanics. Lower Dillon volcanics exposed
to the north in the Beaverhead Canyon area (Fritz et al., 2007;
Satterfield, 1990) are the most likely source area for these zircons. Proterozoic zircons (1.7–1.8 Ga) were likely sourced from
early Paleoproterozoic metamorphic rocks associated with the
Big Sky orogeny, a widely recognized regional tectonic and
metamorphic event (Burger, 2004). Older Precambrian zircons
were likely sourced from Archean basement-cored uplifts and
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from Proterozoic Belt Supergroup material, clasts of which are
found in abundance in the Cretaceous synorogenic Beaverhead
Conglomerate. Cretaceous zircons were probably derived from
volcanic and volcaniclastic rocks of the Vaughn Member of the
Cretaceous Blackleaf Formation, which is known to contain
abundant 90–100 Ma zircons (Stroup et al., 2008), or possibly
from Cretaceous material recycled through the Beaverhead Con-
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glomerate. The most unusual result from these zircon ages is the
presence of a small population of lower Paleozoic (Silurian and
Late Ordovician) zircons. These lower Paleozoic ages do not
appear to correspond to any major regional tectonic, igneous,
or metamorphic event. However, early Paleozoic detrital zircons
are known to occur in the Lower Cretaceous Cedar Mountain
and Cloverly Formations of Utah and Wyoming (Kowallis et al.,
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TABLE 2. REGIONAL DETRITAL ZIRCON SOURCE ROCKS AND ASSOCIATED DETRITAL ZIRCON AGE SPECTRA
Zircon age pop ulation
Outcrop Locations
Depositional/
Reference
(Ma)
Emplacement age
Dillon volcanics
17–49
Locally abundant
Paleogene
Fritz et al. (2007)

Source

Lowland Creek volcanics

48–53

Eastern Pioneer Mountains

Paleogene

Dudás et al. (2010)

Clifford Creek Granite

50–58

Eastern Pioneer Mountains

Tertiary

Chief Joseph pluton–
AMCC
Pioneer batholith

ca. 53

Anaconda Range

Paleogene

Desmararis (1983);
Zen (1996)
Foster et al. (2007)

65–77

Pioneer Mountains

Late Cretaceous

Arth et al. (1986)

Tobacco Root batholith

71–77

Tobacco Root Mountains

Late Cretaceous

McCartney Mountain
pluton

ca. 74

McCartney Mountain

Late Cretaceous

Mueller et al. (1996);
Rothfuss
(unpublished)
Brumbaugh and
Hendrix (1981)

Boulder batholith

Late Cretaceous

Highland Range; Bull Mountain;
Tobacco Root Mountains

Late Cretaceous

Lund et al. (2002);
Wooden et al.
(2008)
Tilling (1974)

Boulder batholith

61–64; 73–81

Elkhorn Mountain
volcanics

80–83

Blackleaf Formation

90–110; 1700–1900;
2500

Pioneer Mountains; Highland
Range; McCartney Mountain

Late Cretaceous

Zartman et al. (1995)

Sedimentary rocks
exposed on McCartney
Mountain
Flathead Sandstone

471–422; 900–1400

Pioneer Mountains; McCartney
Mountain

Cretaceous (?)

Inferred from alluvial
facies zircon

1700–1900; 2600–2700;
2900–3460

Tobacco Root Mountains; Ruby
Range; Pioneer Mountains;
Highland Range
Pioneer Mountains; Highland
Range; Tobacco Root
Mountains
Highland Range; Pioneer
Mountains; Tobacco Root
Mountains
Tobacco Root Mountains; Ruby
Range; Highland Range

Cambrian

Warren et al. (2008);
Balgord et al. (2009)

Precambrian

Balgord et al. (2009)

Precambrian

O’Neill et al. (1988);
Brady et al. (2004)

Archean

Mueller et al. (1996)

Belt Supergroup

Paleoproterozoic
metamorphic rocks
Archean metamorphic
rocks of the Wyoming
Province

1450–1600; 1700–1860;
2600
1600–1900; 2450

2500–3300

2008) and the Cretaceous foreland sediments of southwestern
Montana (Stroup et al., 2008; Zartman et al., 1995). Therefore,
early Paleozoic zircons were likely recycled from Laramide foreland basin strata.
These results suggest the following sequence of events for
deposition of the Renova Formation in the Sage Creek basin.
The middle Eocene Sage Creek Member was deposited on a
Paleogene–early Eocene erosional surface probably as a paleovalley fill sequence (Fritz et al., 2007). The Sage Creek Member
represents a braided fluvial system draining highlands, at least
partly volcanic in origin, located to the north-northwest. The age
range of Paleogene zircons suggests that the sampled section was
no older than ca. 46 Ma (the age of the youngest detrital zircon)
and that it was sourced in part from Eocene volcanic rock (46–
52 Ma) with a majority of zircons in the 46–47 Ma age range. Volcanic rocks exposed in the Clark Canyon–Beaverhead River area
to the N-NW of Sage Creek probably served as the local headwaters of this fluvial system. K-Ar dates from the volcanic rocks
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in the Clark Canyon area range from 43 to 48 Ma (Fritz et al.,
2007; Satterfield, 1990; Chadwick, 1980). Sage Creek Member
deposition was terminated after 46 Ma, and a subaerial erosion
surface was developed. Rhyolitic tuff was emplaced in the Sage
Creek area ca. 45 Ma (40Ar/39Ar age date of 45.55 ± 0.14 Ma from
M’Gonigle and Dalrymple (1996)). The presence of the Eocene
Hall Springs basalt flow on the unconformity at the top of the
Sage Creek Member demonstrates the presence of subaerial volcanic activity at this time.
Orellan. Results. A cross-stratified fluvial sandstone sample (10-CR-01; Fig. 5B) from the Cook Ranch Member of the
Renova Formation was collected at an outcrop that contains late
Orellan NALM fossils (Tabrum et al., 1996). The Cook Ranch
Member as a whole is predominately fine grained with large (tens
of meters) scale cut channels containing multiple fining-upward
layers that consist mostly of subangular to subrounded conglomerates that grade upward to coarse sandstone. Discrete, laterally continuous, cross-bedded sandstone layers are also present,
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Figure 5 (On this and following four pages). Detrital zircon populations for Renova sandstones in the Divide and Melrose basins.
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especially in the upper parts of the outcrop. Paleocurrent data
from imbricated clasts and cross-bed orientations suggest a consistent flow toward the E-SE with a mean flow direction of S89E.
This sandstone yields distinctly bimodal Precambrian and Paleogene detrital zircon populations that strongly resemble the detrital
zircon populations of sample 10-SC-01.
Interpretations. Source areas for zircons in sample 10-CR-01
are largely the same as for sample 10-SC-01, except that Paleogene zircons in this sample reflect derivation from exotic Oligocene Great Basin and local Oligocene Middle Dillon volcanic
material. Eocene zircons are, on average, younger than those from
sample 10-SC-01 and were probably reworked from older Paleogene rocks, namely the underlying Uintan Dell Beds Member.
As local volcanism waned after 43–42 Ma, erosion of the
volcanic pile led to the deposition of alluvial fans (Dell Beds
Member) around the fringes of the Eocene volcanic highlands
and also around relict topography previously developed on older
units such as the Beaverhead Formation. Deposition of sediment
was suspended again, possibly owing to renewed volcanism in
the Sage Creek area, ca. 39 Ma, as suggested by a K-Ar date of
38.9 ± 1.7 Ma (Chadwick, 1978) from tuff in the Monument Hill
area in the northern headwaters of Sage Creek.
Late Uintan–early Duchesnean. Results. Link et al. (2008)
and Stroup et al. (2008) analyzed a late Uintan to early Duchesnean (Fields et al., 1985) fine- to coarse-grained volcanic-lithic
fluvial(?) sandstone (R3) (Fig. 5C) of the Climbing Arrow Member (Hoffman, 1971) of the Renova Formation that yields (n = 43)
67% Mesozoic zircons, 5% Paleozoic zircons, and 28% Precambrian zircons. Mesozoic (n = 29) zircons include Early Cretaceous
(n = 4) and Late Cretaceous (n = 25) populations. Late Cretaceous
zircons are ca. 83 Ma, ca. 87 Ma, and ca. 89–99 Ma, and Early
Cretaceous zircons are ca. 100 Ma, ca. 107 Ma, and ca. 117 Ma.
Paleozoic zircons (n = 2) include one Silurian zircon and one
Cambrian zircon with ages of ca. 439 Ma and ca. 529 Ma, respectively. Precambrian zircons (n = 12) include middle Proterozoic
zircons (n = 5), early Proterozoic zircons (n = 5), a late Archean
zircon (n = 1), and a middle Archean zircon (n = 1). Middle
Proterozoic zircons are ca. 901 Ma, ca. 1077 Ma, ca. 1385 Ma,
ca. 1460 Ma, and ca. 1510 Ma. Early Proterozoic zircons are
ca. 1671 Ma, ca. 1850 Ma, ca. 1970 Ma, and ca. 2030 Ma. One
late Archean zircon is ca. 2763 Ma, and one middle Archean zircon is ca. 3185 Ma. Thin section petrography reveals that the
sandstone is composed of ~55% lithic volcanic grains and ~30%
monocrystalline quartz, with lesser amounts of plagioclase and
K-feldspar and minor polycrystalline quartz and sedimentary
lithics (Stroup, 2008). Stroup et al. (2007) documented poorly
constrained southward paleoflow at this location.
Interpretations. Sample R3 was sourced by recycled sediments of the Belt Supergroup and Blackleaf Formation, with
lesser contributions from Archean metamorphic basement. The
abundance of ca. 2000–1400 Ma zircons is consistent with primary sourcing from the Belt Supergroup (Balgord et al., 2009).
However, ca. 2000–1400 Ma zircons, as well as grains with ages
of ca. 107 Ma, ca. 117 Ma, ca. 439 Ma, and ca. 1350–950 Ma, are
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also consistent with detrital zircon ages of the Vaughn Member
of the Blackleaf Formation (Zartman et al., 1995; Stroup et al.,
2008). Additionally, volcanic-rich sandstone within the Vaughn
Member of the Blackleaf Formation (Zartman et al., 1995) is a
probable source for the high percentage of volcanic lithic clasts
observed in thin section. Two Archean zircons may be derived
from the Belt Supergroup and/or the Blackleaf Formation, or may
possibly be inherited Archean cores in early Proterozoic metamorphic rocks associated with the Big Sky orogeny. Minor polycrystalline quartz grains and feldspars may also have an origin
in metamorphic basement. Monocrystalline quartz, plagioclase,
K-feldspar, and sedimentary lithic clasts have no definitive origin but may have been contributed by the Belt Supergroup or the
Blackleaf Formation. Southward-directed paleoflow suggests that
the primary sediment source was likely toward the north, and fluvially transported southward. The Belt Supergroup and Blackleaf
Formation crop out on McCartney Mountain to the north and in
the Pioneer Mountains to the east. Archean basement is exposed in
the southern Highland Range to the north. In the context of southdirected paleoflow direction, exposed lithologies on McCartney
Mountain and in the southern Highland Range are the most probable sources for detrital zircons in sample R3. However, detritus
derived from the eastern Pioneer Mountains may have been transported fluvially toward the southeast into the Beaverhead basin
and may represent a secondary provenance for sample R3.
Late Duchesnean. Results. In the Beaverhead basin a
medium- to coarse-grained, moderately sorted cross-stratified
sandstone (DO109; Fig. 5D) collected from a late Duchesnean
NALM locality (Hoffman, 1971; Tabrum et al., 1996; Hanneman
et al., 2003) of the Climbing Arrow Member (Hoffman, 1971) of
the Renova Formation includes (n = 76) 4% Cenozoic, 18% Mesozoic, and 78% Precambrian zircons. All Cenozoic (n = 3) zircons
are Eocene with ages of ca. 39 Ma and ca. 47 Ma. All Mesozoic
(n = 14) zircons are Late Cretaceous with ages of ca. 68–68.5 Ma,
ca. 69.5 Ma, ca. 70.5–72 Ma, ca. 73 Ma, and 74.5 Ma. Precambrian (n = 59) zircons include late Proterozoic (n = 1), middle
Proterozoic (n = 6), early Proterozoic (n = 45), and late Archean
(n = 7) grains. One late Proterozoic grain is ca. 550 Ma. Middle
Proterozoic grains are ca. 1430–1460 Ma and ca. 1490–1540 Ma.
Early Proterozoic zircons are ca. 1630 Ma, ca. 1683 Ma, ca. 1700–
1785 Ma, ca. 1835 Ma, ca. 1925 Ma, ca. 2000 Ma, ca. 2065 Ma,
ca. 2360 Ma, and ca. 2420–2500 Ma. Late Archean zircons are
ca. 2630–2660 Ma, ca. 2720–2750 Ma, and ca. 2925 Ma. Thin
section petrography reveals abundant monocrystalline quartz and
feldspar detritus, with lesser amounts of volcanic lithic clasts. The
sandstone is medium to coarse grained, subrounded, and crossbedded with low-relief basal scours. The DO109 outcrop contains cross-stratification that indicates northeastern, northern, and
western paleoflow with considerable scatter (Fig. 6).
Interpretations. Sample DO109 is a moderately sorted,
cross-stratified sandstone that was sourced primarily by detritus derived from the Boulder batholith and exposures of the
Belt Supergroup in the southern Highland Range and Pioneer
Mountains. Sample DO109 is dominated by a large population
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Figure 6. Paleoflow rose diagrams with 10-degree sectors illustrating outcrop-measured paleoflow vectors across the
study area.

of 2000–1400 Ma zircon derived from the Belt Supergroup. A
Proterozoic gneiss dome (O’Neill et al., 1988) in the southern
Highland Range may have contributed a few middle Proterozoic
zircons to sample DO109, but it is not interpreted as a primary
source because of the low percentage (<1%) of polycrystalline
quartz grains observed in thin section. Several zircons yield
ages of ca. 70–75 Ma, which may reflect sourcing from the Hell
Canyon pluton of the southern Boulder batholith to the north,
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the Tobacco Root batholith to the east, or the Pioneer batholith
to the west. The Tobacco Root batholith is an unlikely source
for the 70–75 Ma zircon because of the negligible percentage
of polycrystalline quartz grains observed in thin section that
likely would have been contributed by metamorphic basement
in the Tobacco Root Range. Likewise, the Pioneer batholith is
an unlikely source in context of paleoflow. A significant amount
(n = 25) of volcanic lithics observed in thin section may have a
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source in the Blackleaf Formation (Zartman et al., 1995) or the
Dillon volcanics. Minor amounts of ca. 37–47 Ma zircon were
also sourced by Lower and Middle Dillon volcanics that mantled
the Paleogene landscape.
Early Chadronian. Results. In the Beaverhead basin, an
early Chadronian cross-stratified alluvial sandstone (CHA108;
Fig. 5E; Riel, 1963; Hoffman, 1971; Fields et al., 1985; Tabrum
et al., 1996; Hanneman et al., 2003) contains (n = 94) 27%
Cenozoic, 53% Mesozoic, 1% Paleozoic, and 19% Precambrian
zircons. All Cenozoic zircons (n = 25) are Eocene, with ages of
37–39 Ma (n = 3), 40–47 Ma (n = 14), and 51–54 Ma (n = 8).
Mesozoic zircons (n = 50) include Late Cretaceous (n = 26), Early
Cretaceous (n = 22), Middle Jurassic (n = 1), and Early Triassic
(n = 1) zircons. Late Cretaceous zircons have ages of ca. 69 Ma,
ca. 72–77 Ma (n = 6), ca. 78–80 Ma (n = 5), and ca. 94–99 Ma.
Early Cretaceous zircons yielded ages of ca. 103–112 Ma and
ca. 126–129 Ma. One Middle Jurassic zircon is ca. 172 Ma, and
one Early Triassic zircon is ca. 250 Ma. One Paleozoic zircon
(n = 1) is Silurian, with an age of ca. 422 Ma. Precambrian zircons (n = 18) include Proterozoic (n = 12) and Archean (n = 5)
populations. Proterozoic zircons include 1 late Proterozoic zircon with an age of ca. 543 Ma, 3 middle Proterozoic zircons
with ages of ca. 985 Ma, ca. 1050 Ma, and ca. 1133 Ma, and 9
early Proterozoic zircons with ages of 1800–2000 Ma (n = 6),
ca. 2200 Ma (n = 1), and ca. 2450 Ma (n = 2). Archean zircons
(n = 5) have ages of ca. 2600–2800 Ma. Sample CHA108 was too
coarse grained to be point-counted, but clast-count data revealed
75% sedimentary lithics, 5% granite, and 20% volcanic lithics
(Schwartz, 2010). This sandstone contains imbricated clasts
and basal scours that indicate south- to southwestward-directed
paleoflow (Schwartz, 2010) (Fig. 6).
Interpretations. Sample CHA108 was sourced by recycling of the Vaughn Member of the Blackleaf Formation, the
McCartney Mountain pluton, Elkhorn Mountain volcanics,
Lowland Creek volcanics, Lower Dillon volcanics, and possibly the Belt Supergroup exposed on McCartney Mountain. The
Vaughn Member of the Cretaceous Blackleaf Formation contributed 112–95 Ma, ca. 127 Ma, 171 Ma, 250 Ma, 422 Ma, and
980–1130 Ma zircons. Substantial amounts of 2000–1800 Ma
zircons were likely derived from the Belt Supergroup but may
also reflect recycling from the Vaughn Member of the Blackleaf
Formation (Stroup et al., 2008). Abundant Archean zircons were
either sourced by recycled zircon from the Belt Supergroup or
the Vaughn Member of the Blackleaf Formation (Stroup et al.,
2008). Abundant sedimentary lithic clasts observed in outcrop
may also have been derived from the Blackleaf Formation or
the Belt Supergroup. The McCartney Mountain pluton contributed a substantial amount of ca. 77–72 Ma zircon as well
as the granitic cobbles observed in outcrop. A small population of ca. 80–78 Ma zircon reflects sourcing from the Elkhorn
Mountains volcanics, currently exposed in local highlands of the
Boulder batholith–Highland Range. Paleogene zircons include
a population of 42–47 Ma zircons sourced by the Lower Dillon volcanics in addition to a population of 51–54 Ma grains
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derived from the Lowland Creek volcanics. Volcanic lithic clasts
observed in outcrop may also have been sourced by the Elkhorn
Mountain volcanics, Lowland Creek volcanics, and/or Lower
Dillon volcanics, or possibly a volcanic sandstone within the
Blackleaf Formation. Southward-directed paleoflow indicators
as well as alluvial fan lithofacies suggest a source to the north on
McCartney Mountain.
Chadronian. Results. In the Beaverhead basin a coarsegrained, cross-bedded Chadronian (Hanneman et al., 2003)
fluvial sandstone (MR209; Fig. 5F) contains (n = 83) 12% Cenozoic zircons, 36% Mesozoic zircons, 2% Paleozoic zircons, and
51% Archean zircons. Of the Cenozoic zircons (n = 10), 10% are
Oligocene (n = 1) and 90% are Eocene (n = 9). The Oligocene
zircon is ca. 33 Ma, and the Eocene zircons are ca. 37–38 Ma,
ca. 39.5–40.4 Ma, and ca. 41–41.5 Ma. Mesozoic (n = 30) zircons
consist of Late Cretaceous (n = 27), Early Cretaceous (n = 1), and
Middle Jurassic (n = 1) grains. The Late Cretaceous zircons are
ca. 70 Ma, ca. 72.5 Ma, ca. 75–76 Ma, ca. 77 Ma, ca. 78 Ma,
ca. 85 Ma, ca. 89–90 Ma, ca. 91–93 Ma, ca. 94.5 Ma, ca. 96 Ma,
and ca. 97 Ma. One Early Cretaceous zircon is ca. 101 Ma, and
one Middle Jurassic zircon is ca. 162 Ma. Paleozoic (n = 2) zircons are Early Devonian (n = 1) and Early Ordovician (n = 1),
with ages of ca. 406 Ma and 485 Ma, respectively. Precambrian
zircons (n = 42) include middle Proterozoic (n = 13), early Proterozoic (n = 23), late Archean (n = 5), and middle Archean
(n = 1) grains. Middle Proterozoic zircons are ca. 975–1200 Ma,
ca. 1350–1400 Ma, and ca. 1550 Ma. Early Proterozoic zircons
are ca. 1650 Ma, ca. 1700–2100 Ma, and ca. 2450 Ma. Late
Archean zircons are ca. 2600–2700 Ma and ca. 2935 Ma. One
middle Archean zircon is ca. 3290 Ma. Thin section petrography
reveals abundant volcanic detritus with minor quartz and feldspar. Cross-stratification yields consistent south- to southwestdirected paleoflow (Fig. 6).
Interpretations. Sample MR209 was dominantly sourced by
the Belt Supergroup, the Blackleaf Formation, and Late Cretaceous
plutonic bodies. Abundant Archean zircons were derived from
either the Belt Supergroup or Paleozoic-Mesozoic sedimentary
units. Archean rocks in the southern Highland Range and Tobacco
Root Mountains may have also contributed Archean zircons to
this fluvial system, and this interpretation is consistent with the
south-southwest paleoflow. A substantial amount of ca. 32–42 Ma
zircons was likely contributed by the Lower and Middle Dillon
volcanics. A population of ca. 72–77 Ma zircon reflects derivation
from plutons to the north, namely the McCartney Mountain pluton
and/or local plutons of the Boulder batholith, including the Climax
Gulch pluton, the Moose Creek pluton, and the Butte Granite. The
Vaughn Member of the Late Cretaceous Blackleaf Formation is a
likely source for 101–93 Ma, ca. 160 Ma, and ca. 480 Ma zircon,
and is locally exposed on McCartney Mountain and in the eastern
Pioneer Mountains. Zircons ranging from ca. 1350 to 950 Ma, as
observed in alluvial sample PG208, may have been sourced from
Mesozoic strata exposed in McCartney Mountain. Precambrian
zircon ranging from ca. 2.0–1.5 Ga were likely recycled from the
Belt Supergroup or Paleozoic-Mesozoic strata.
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Frying Pan Basin
Duchesnean. Results. A Duchesnean-equivalent, pumicerich sandstone (lithofacies 3b) (FP209; Fig. 5G) in the Frying
Pan basin contains (n = 80) 77.5% Cenozoic, 5% Mesozoic, and
17.5% Precambrian zircons. Cenozoic zircons (n = 62) are middle
Eocene (n = 56) and late Eocene (n = 6). Middle Eocene zircons
are 42–48.5 Ma, and late Eocene zircons are mostly 49–50 Ma
(n = 5), but do include one zircon that is ca. 52.8 Ma. Mesozoic
zircons (n = 4) are Late Cretaceous, with ages of ca. 68.5 Ma
(n = 1), ca. 71 Ma (n = 2), and ca. 95 Ma (n = 1). Precambrian
zircons (n = 14) include Proterozoic (n = 10) and Archean (n = 4)
populations. Proterozoic zircons have ages of ca. 1380 Ma (n = 3),
1630–1690 Ma (n = 3), ca. 1830 Ma (n = 1), and 2400–2470 Ma
(n = 3). Archean zircons have ages of 2550–2850 Ma (n = 4). In
thin section this sandstone is composed almost entirely of finegrained volcanic shards. Sandstone cross-stratification records
consistent eastward paleoflow (n = 6).
Interpretations. No biostratigraphy is available for this
outcrop. Youngest detrital zircons from sample FP209 are as
young as 42.3 ± 2.3 Ma and are overlain by a rhyolite tuff with a
whole rock K/Ar age of 35.6 ± 0.7 Ma (Matthews, 1989). Thus,
depositional age is younger than 42.3 ± 2.3 Ma and older than
ca. 35 Ma, indicating a Duchesnean NALM-equivalent age for
these deposits. Detrital zircon ages are dominated by a population of 42–49 Ma grains, sourced by the Lower Dillon volcanics
(Matthews, 1989; Fritz et al., 2007). A significant number of Precambrian zircons, including populations of ca. 1800–1300 Ma
and ca. 2700–2600 Ma grains, indicate recycling of Belt Supergroup strata. A population of three ca. 71–68 Ma zircon grains
was probably sourced by the Pioneer batholith, exposed in the
adjacent eastern Pioneer Mountains. In context of consistent eastward-directed paleoflow, primary provenance for sample FP209
is the Belt Supergroup and the Pioneer batholith, exposed in the
eastern Pioneer Mountains, in addition to Lower Dillon volcanics
that mantled the Paleogene landscape.
Upper Jefferson Basin
Chadronian. Results. In the lower Jefferson basin a coarsegrained, moderately sorted, cross-stratified fluvial sandstone
(lithofacies 3a) of the Chadronian Climbing Arrow Member
(CLA7; Fig. 5H; Kuenzi and Fields, 1971; Vuke et al., 2004)
yields 100% Cretaceous zircons (n = 73). Maastrichtian zircons
(n = 2) have ages of ca. 69 Ma. Campanian zircons (n = 69) have
ages of ca. 71 Ma (n = 2), 73–74 Ma (n = 8), 75–79 Ma (n = 41),
and 80–83.5 Ma (n = 2). Thin section petrography reveals the
sandstone to be dominated by quartz and feldspars (85%) with
minor amounts of sedimentary lithics (Schwartz, 2010). Crossstratification in this sandstone indicates consistent northeastward
paleoflow (Fig. 6).
In the lower Jefferson basin a coarse-grained fluvial sandstone
of the Chadronian (Kuenzi and Fields, 1971; Vuke et al., 2004)
Bone Basin Member (R1; Fig. 5I; Link et al., 2008; Stroup et al.,
2008) contains (n = 38) 8% Cenozoic zircons and 92% Mesozoic
zircons. Cenozoic zircons (n = 3) are all Paleocene, with ages of
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ca. 62 Ma, ca. 63 Ma, and ca. 65 Ma. Mesozoic zircons (n = 35)
are entirely Late Cretaceous, with ages of ca. 66–77 Ma. Thin
section petrography reveals that these sandstones contain ~35%
monocrystalline quartz and ~43% feldspars, with lesser amounts
of volcanic lithic grains and minor amounts of biotite (Stroup,
2008). Paleoflow is directed east-southeast (Stroup et al., 2007).
In the lower Jefferson basin a coarse-grained fluvial sandstone of the Chadronian (Kuenzi and Fields, 1971; Vuke et al.,
2004) Bone Basin Member (R2; Fig. 5J; Link et al., 2008; Stroup
et al., 2008) contains (n = 49) 2% Cenozoic, 94% Mesozoic, and
4% Precambrian zircons. One Cenozoic zircon is Oligocene,
with an age of ca. 25 Ma. Mesozoic zircons are entirely Late
Cretaceous, with ages of ca. 67 Ma, ca. 69–80 Ma, ca. 83–84 Ma,
ca. 86 Ma, and ca. 88 Ma. Two Precambrian zircons are both
early Proterozoic, with ages of ca. 1700 Ma and ca. 1900 Ma.
Thin section petrography reveals that these sandstones contain
~35% monocrystalline quartz and ~43% feldspars, with lesser
amounts of volcanic lithic grains and minor amounts of biotite
(Stroup, 2008), chlorite, and hornblende. Paleocurrent indicators
record east-southeast–directed paleoflow (Stroup et al., 2007).
Interpretations. Sample CLA7 was sourced primarily by
the Boulder batholith and the Elkhorn Mountain volcanics.
This sandstone is dominated by distinctive ca. 80–73 Ma zircon
grains, likely sourced by the Boulder batholith. A population of
ca. 83–81 Ma zircons was likely sourced by Elkhorn Mountain
volcanics. Abundant quartz and feldspars observed in thin section also support a plutonic-volcanic provenance. The presence
of minor chlorite and hornblende mark noteworthy mafic input
into the drainage system. The source of this mafic material likely
originated from the northern Tobacco Root Mountains. Because
mafic rocks typically contain little to no zircon (Fedo et al.,
2003), input from these sources is not apparent in the detrital zircon data. Consistent northeastward-directed paleoflow indicates
a source to the west, in the Boulder batholith.
In the lower Jefferson basin, moderately sorted crossstratified, coarse-grained fluvial sandstones of the Chadronian
(Kuenzi and Fields, 1971; Vuke et al., 2004) Bone Basin Member (R1 and R2) are dominated by distinctive ca. 80–73 Ma
zircon grains likely sourced by the Boulder batholith. A population of ca. 83–81 Ma zircons was likely sourced by the Elkhorn Mountains volcanics, which capped the Boulder batholith
and were once widespread across the area. Sample R1 yields
a significant amount of ca. 68–62 Ma zircon with no known
local source. Stroup et al. (2008) assigned a Boulder batholith–
Elkhorn Mountains volcanics affinity to these zircons on the
basis of the eHf values. These ca. 62–68 Ma grains overlap in
age with ca. 62–67 Ma zircon observed in alluvial sample PG208
of this study, and may reflect an undocumented Maastrichtian
to early Paleocene igneous event associated with the Boulder
batholith. Additionally, these ca. 62–68 Ma grains overlap in age
with quartz porphyry dikes that intrude the Boulder batholith in
the Continental Pit near Butte, Montana (Lund et al., 2002). Rare
Precambrian zircons in sample R2 yield ages of 1.9 and 1.7 Ga
and probably are xenocrystic zircons associated with the Boulder
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batholith. The presence of a 25 Ma zircon in sample R2 is enigmatic, because it is younger than the assigned Chadronian age
for the sampled sandstone; Stroup et al. (2008) regarded this as
a spurious age.
Melrose Basin
Chadronian. Results. A Chadronian coarse-grained, moderately sorted, cross-stratified alluvial sandstone (PG208; Fig. 5K)
was sampled in the Melrose basin adjacent to the northwest flank
of McCartney Mountain. PG208 (n = 82) consists of Cenozoic,
Mesozoic, Paleozoic, and Precambrian zircon. All Cenozoic
zircons (n = 4) in this sample are early Paleocene, with ages of
ca. 62–65 Ma. The Mesozoic zircons in PG208 are Late Cretaceous (n = 18) and Early Cretaceous (n = 2); Late Cretaceous
zircons have age clusters of ca. 72–77 Ma, ca. 79–82 Ma, and
ca. 95–100 Ma. Two Early Cretaceous zircons yielded ages of
ca. 105 Ma and ca. 112 Ma. Paleozoic zircons in this sample
consist of Silurian (n = 4) and Ordovician (n = 4) populations,
with zircons yielding ages of ca. 423–471 Ma. Precambrian zircons (n = 60) make up the majority of zircons from this sample
and include late Proterozoic (n = 3), middle Proterozoic (n = 17),
early Proterozoic (n = 18), and late Archean (n = 12) populations.
Late Proterozoic zircons yielded ages of ca. 614 Ma, ca. 621 Ma,
and ca. 897 Ma. Middle Proterozoic zircons yielded populations
of ca. 990–1230 Ma, and ca. 1340–1550 Ma. Early Proterozoic
zircons are dominated by a population of ca. 1520–1865 Ma zircon, but they also include one ca. 2023 Ma zircon. Late Archean
zircons have ages of 2550–2875 Ma. Imbricated clasts indicate
southwest to westward paleoflow at the PG208 sample locality
(Schwartz, 2010; Fig. 6).
A paludal to lacustrine sandy mudstone (PIO509; Fig. 5L)
of the Chadronian Climbing Arrow Member of the Renova Formation (Vuke, 2004) was sampled in the western half of the
Melrose basin. PIO509 (n = 55) consists of 31% Cenozoic zircons, 33% Mesozoic zircons, 2% Paleozoic zircons, and 34%
Precambrian zircons. Of the Cenozoic zircons (n = 17), 18% are
Oligocene (n = 3) and 82% are Eocene (n = 14). Oligocene zircons are ca. 32–33 Ma, and Eocene zircons are ca. 34–36 Ma,
ca. 37–38 Ma, and ca. 42 Ma. Mesozoic zircons (n = 18) include
Late Cretaceous (n = 12) and Early Cretaceous (n = 6) populations. Late Cretaceous zircons are ca. 70 Ma, ca. 73–74 Ma,
ca. 75 Ma, and ca. 96 Ma, and Early Cretaceous zircons are
ca. 102–104 Ma, ca. 111 Ma, ca. 114–115 Ma, and ca. 132 Ma.
One Paleozoic zircon is Permian, with an age of ca. 280 Ma. Precambrian zircons (n = 19) include middle Proterozoic (n = 5),
early Proterozoic (n = 10), and late Archean (n = 4) populations. Middle Proterozoic zircons are ca. 1070–1100 Ma and
ca. 1350–1500 Ma. Early Proterozoic zircons are ca. 1680–
1800 Ma, ca. 1900 Ma, ca. 2270 Ma, and ca. 2460 Ma. Late
Archean zircons are ca. 2590 Ma, ca. 2670 Ma, ca. 2750 Ma, and
ca. 2810 Ma. Thin section petrography reveals a predominance
of volcanic detritus. No paleoflow data were collected at the outcrop because of the high degree of bioturbation and fine-grained
nature of the sediment.
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Interpretations. Sample PG208 consists of zircons that were
derived from the adjacent McCartney Mountain. The Vaughn
Member of the Cretaceous Blackleaf Formation contributed
populations of ca. 100–95 Ma zircons (Zartman et al., 1995). No
Archean basement crops out on McCartney Mountain (Ruppel
et al., 1993), so all Archean grains likely have a recycled sedimentary source. The Belt Supergroup and/or the Vaughn Member of the Blackleaf Formation furnished substantial amounts of
1800–1400 Ma and Archean zircons (Stroup et al., 2008). Recycling of the Blackleaf Formation supplied abundant 447–422 Ma
and 1300–950 Ma zircons. The McCartney Mountain pluton,
which yields a K-Ar cooling age of 74 ± 1 Ma (Brumbaugh and
Hendrix, 1981), sourced abundant ca. 77–72 Ma zircons. The
Elkhorn Mountain volcanics contributed a small population of
ca. 82–79 Ma zircons. A small population of ca. 67–62 Ma zircons (n = 4) were possibly sourced by early Paleocene volcanics
that may have been exposed on McCartney Mountain during the
Chadronian. However, no ca. 67–62 Ma volcanics are regionally
documented; thus any exposures have been eroded since the Chadronian. Southwest-westward paleoflow supports a McCartney
Mountain provenance for sample PG208.
Sample PIO509 consists of zircons that were derived from
McCartney Mountain, the Boulder batholith–Highland Range,
and the Pioneer Range. Lower and Middle Dillon volcanics,
which blanketed the paleolandscape (Fritz et al., 2007), contributed abundant 32–42 Ma zircons. A population of ca. 72–76 Ma
zircon reflects sourcing from the local McCartney Mountain pluton (Brumbaugh and Hendrix, 1981) and/or local plutons of the
Boulder batholith, including the Climax Gulch pluton, the Moose
Creek pluton, and the Butte Granite (Lund et al., 2002; Wooden
et al., 2008). To the west, adjacent to the Melrose basin, the Pioneer batholith in the eastern Pioneer Mountains could also have
been a source for the ca. 72–76 Ma zircon. The Vaughn Member
of the Late Cretaceous Blackleaf Formation is a likely source for
110–95 Ma, ca. 130 Ma, and ca. 280 Ma zircon, and is locally
exposed in the eastern Pioneer Mountains and in McCartney
Mountain. A population of ca. 1350–1070 Ma zircon is similar in
age to a population observed in alluvial sample PG208 and may
have been locally sourced from bedrock exposed on McCartney
Mountain. A substantial amount of Precambrian zircons yielding
ages of ca. 2.8–2.3 Ga and ca. 1.9–1.4 Ga were likely derived from
the Belt Supergroup, but this may also reflect recycling of 1.9–
1.7 Ga zircon from the Vaughn Member of the Blackleaf Formation (Stroup et al., 2008). Abundant Archean zircons were sourced
by either recycled zircon from the Belt Supergroup or the Vaughn
Member of the Blackleaf Formation or from Archean rocks
exposed in the southern Highland Range (Stroup et al., 2008).
Divide Basin
Chadronian. Results. In the Divide basin a Chadronian
fluvial, two-mica, moderately sorted, cross-stratified sandstone
(lithofacies 3a) (CLA608; Fig. 5M) of the Climbing Arrow
Member (Vuke, 2004) consists of (n = 91) 2% Cenozoic,
79% Mesozoic, and 19% Precambrian zircon. The majority
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of zircons in CLA608 are Mesozoic. Late Cretaceous (n = 71)
zircons include ages of ca. 67 Ma (n = 2), 69–75 Ma (n = 47),
76–78 Ma (n = 13), 79–82 Ma (n = 8), and 84 Ma (n = 1). One
Late Jurassic zircon is ca. 152 Ma. Precambrian zircons include
early Proterozoic, middle Proterozoic, and late Archean grains.
Middle Proterozoic zircons are ca. 1450–1550 Ma (n = 3). Early
Proterozoic zircons are 1700–1900 Ma (n = 10), ca. 2165 Ma,
and ca. 2460 Ma (n = 2). A late Archean zircon is ca. 2610 Ma.
Middle Cenozoic (n = 2) zircons are early Eocene and yield ages
of ca. 50.1 Ma and ca. 52.2 Ma. Zircon from a granitic cobble (CLA6) in this sandstone yielded a SHRIMP U-Pb age of
51.9 ± 0.9 Ma (Fig. 7). Paleoflow is generally southward (Fig. 6).
Interpretations. Exposed bedrock in the Boulder batholith–
Highland Range was the primary source for sample CLA608.
This sample is dominated by ca. 72–77 Ma zircons, which were
derived from local plutons of the Boulder batholith, namely the
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Climax Gulch pluton and the Butte Granite. Significant amounts
of ca. 79–84 Ma zircon reflect sourcing from the locally widespread Elkhorn Mountains volcanics in the highlands of the
Boulder batholith–Highland Range. A ca. 150 Ma grain was
potentially sourced from the Vaughn Member of the Cretaceous
Blackleaf Formation. Belt Supergroup bedrock in the Highland
Range was the likely source for ca. 1400–1800 Ma and 2100–
2600 Ma zircon, although these Precambrian grains could also
have been recycled from the Vaughn Member of the Cretaceous
Blackleaf Formation (Stroup et al., 2008). A small population
of ca. 67 Ma zircon may reflect sourcing from 66.5 ± 1.0 Ma
quartz porphyry dikes that crop out along Interstate Highway 15
(I-15) near Butte, Montana (Lund et al., 2002). A small population of ca. 50–52 Ma zircon could reflect input from the local
outcrops of the Lowland Creek volcanics, but could also reflect
sourcing from igneous rocks within the Anaconda Metamorphic
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Figure 7. SHRIMP-RG sample CLA6. (A) Age of coherent group of six zircons using the Zircon Age Extractor algorithm
of Isoplot. Two grain ages were rejected. Of the remaining six ages, a coherent group is identified with an average age of
ca. 52.8 Ma. (B) Tera-Wasserburg Concordia plot of all isotopic measurements for CLA6. Gray ellipses indicate analyses
removed from further consideration on the basis of large error and discordance, and one outlier. (C) Granitic cobbles sampled
from trunk fluvial facies, location CLA6. Climbing Arrow Member of the Renova Formation, Divide basin. (D) Cathodoluminescence image of zircon crystals separated from CLA6 granitic cobble.
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Core Complex (Stroup et al., 2008). These ages, coupled with
abundant two-mica lithic sand and southward paleoflow (Fig. 6),
suggest partial sourcing by a biotite-muscovite granodiorite in
the Pioneer Range, which yields K-Ar ages of 58–50 Ma (Desmarais, 1983). Previous studies attributed two-mica detritus in
the Divide basin to the Anaconda Metamorphic Core Complex,
50+ miles to the northwest. However, the two-mica granodiorite
in the Pioneer Range is a much more proximal source for the
biotite-muscovite detritus, and supports a local provenance for
the Renova Formation in the Divide basin.
Arikareean. Results. In the Divide basin a fluvial sandstone
(REN108) (Fig. 5N) of the Arikareean Cabbage Patch Member
(Fields et al., 1985; Vuke, 2004) consists of (n = 90) 2% Cenozoic and 98% Mesozoic zircons. The Cenozoic zircons (n = 2)
are both early Eocene, with ages of ca. 49.2 Ma and ca. 52.7 Ma.
Mesozoic zircons are dominantly Late Cretaceous (n = 87)
and have ages of 68–70 Ma (n = 3), ca. 72–83 Ma (n = 80),
and 84–85 Ma (n = 3). One Cenomanian zircon is ca. 94 Ma.
One Early Cretaceous zircon is ca. 139 Ma. Sandstone crossstratification indicates consistent southward paleoflow (Fig. 6).
In the Divide basin, a two-mica feldspathic medium- to
coarse-grained fluvial sandstone (CP2; Fig. 5O; Link et al., 2008;
Stroup et al., 2008) of the Arikareean Cabbage Patch Member
(Fields et al., 1985; Vuke, 2004) is composed (n = 59) of 5%
Cenozoic zircons, 75% Mesozoic zircons, and 20% Precambrian
zircons. All Cenozoic zircons (n = 3) are Paleocene, with ages
of ca. 61 Ma and ca. 64 Ma. Mesozoic zircons (n = 44) include
Late Cretaceous (n = 43) and Late Triassic (n = 1) grains. Late
Cretaceous grains are ca. 66 Ma, ca. 69–70 Ma, ca. 72–74 Ma,
ca. 75 Ma, ca. 76 Ma, ca. 78–79 Ma, ca. 81 Ma, ca. 83 Ma,
ca. 89 Ma, ca. 92 Ma, and ca. 96 Ma. One Late Triassic zircon
is ca. 221 Ma. Precambrian zircons (n = 12) include middle
Proterozoic (n = 1), early Proterozoic (n = 7), and late Archean
(n = 4) grains. One middle Proterozoic grain is ca. 1471 Ma.
Early Proterozoic zircons are ca. 1750–1780 Ma, ca. 2170 Ma,
ca. 2325–2380 Ma, ca. 2460 Ma, ca. 2660–2700 Ma, and
ca. 2830–2850 Ma. Thin section petrography reveals that this
sandstone contains ~38% monocrystalline quartz, ~25% plagioclase, and ~15% K-feldspar, with lesser amounts of polycrystalline quartz and lithic volcanics and minor amounts of muscovite
and biotite (Stroup, 2008). Paleoflow is directed toward the
southwest (Stroup et al., 2007).
Interpretations. In the Divide basin a moderately sorted
cross-stratified fluvial sandstone (lithofacies 3a) (REN108)
(Fig. 5C) of the Arikareean Cabbage Patch Member (Fields
et al., 1985; Vuke, 2004) bears cross-stratification indicating
consistent southward paleoflow (Fig. 7). A small population of
ca. 50–53 Ma zircon reflects input from local exposures of the
Lowland Creek volcanics in the surrounding highlands. The
sample is dominated by ca. 72–77 Ma zircons, which were likely
derived from plutons of the Boulder batholith, namely the Climax Gulch pluton and the Butte Granite. Significant amounts
of ca. 79–84 Ma zircon in both samples reflect sourcing from
the Elkhorn Mountains volcanics. The Vaughn Member of the

107

87

Cretaceous Blackleaf Formation was the likely source of ca. 95,
ca. 139, and ca. 221 Ma zircon. Exposures of the Belt Supergroup in the Highland Range was the likely source for 1.7 Ga and
2.7–2.1 Ga zircon, although these Precambrian grains may also
have been recycled from the Vaughn Member of the Cretaceous
Blackleaf Formation (Stroup et al., 2008).
A two-mica feldspathic, moderately sorted, medium- to
coarse-grained, cross-stratified fluvial sandstone (CP2; Fig. 5D;
Link et al., 2008; Stroup et al., 2008) of the Arikareean Cabbage
Patch Member (Fields et al., 1985; Vuke, 2004) in the Divide
basin is dominantly composed of ca. 72–77 Ma zircon likely
derived from plutons of the Boulder batholith, namely the Climax Gulch pluton and the Butte Granite. Significant amounts of
ca. 84–79 Ma zircons reflect sourcing from the Elkhorn Mountains volcanics, exposed in the highlands of the basin-bounding
Boulder batholith–Highland Range. A small population of
ca. 53–50 Ma zircon reflects input from the Lowland Creek volcanics. A small population of ca. 66–61 Ma zircon may reflect
sourcing from quartz porphyry dikes that crop out in the Continental Pit and along I-15 near Butte, Montana (Lund et al., 2002).
The Vaughn Member of the Cretaceous Blackleaf Formation
was the likely source of ca. 95, ca. 139, and ca. 221 Ma zircon.
Local exposures of the Belt Supergroup in the Highland Range
likely contributed 1.7 Ga and 2.7–2.1 Ga zircon, although these
Proterozoic and Archean grains could also have been recycled
from the Vaughn Member of the Cretaceous Blackleaf Formation
(Stroup et al., 2008).
DISCUSSION
Establishing spatial and temporal continuity of samples
between separate intermontane basins is a primary challenge in
paleogeographic reconstruction of the Renova Formation. Fields
et al. (1985) present the following reasons: (1) Strata representing a particular NALM age may not yet be documented in a
particular basin, (2) strata are poorly exposed in outcrop or are
buried in the subsurface, (3) strata have been removed by erosion,
and/or (4) strata of a specific NALM age were never deposited in
a particular basin.
Paleotopography: What Was “Up”
Paleogene paleogeography (Fig. 8) within the Renova basin
in the study area strongly parallels the modern distribution of
highlands and intermontane basins. Integrated detrital zircon,
lithofacies, paleocurrent, and petrographic data support a local
provenance of basin-bounding uplifts for the Renova Formation.
Originally, Renova-age topography developed on Paleogene volcanic highlands that mantled the region. Older source rocks were
exposed through time as underlying Cretaceous sediments and
eroded Cretaceous tectonic features and igneous intrusions were
exhumed. These highlands were flanked by alluvial drainages
that transported detritus toward basin axial depocenters. These
results suggest that some of these depocenters may have been
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interconnected through paleovalleys centered on the modern
intermontane basins.
During Bridgerian time, local topography in the Sage Creek
basin was developed on the Cretaceous Beaverhead Group and
the 47 Ma Hall Springs Basalt (Lielke, 2010). Middle Eocene
fluvial systems flowed eastward and transported detritus derived
from early Eocene volcanics and the Late Cretaceous Beaverhead
Group. Beginning in the late middle Eocene, a substantial influx
of exotic volcanic material overwhelmed the basin drainage networks, resulting in deposition of a thick sequence of mudstones.
During late Uintan to Duchesnean time, McCartney Mountain, the southern Highland Range, and possibly the Pioneer
Range were areas of paleorelief that supplied sediment into the
Beaverhead basin. Trunk fluvial sandstones in the Beaverhead
basin transported detritus to the south and southeast away from
sediment sources exposed on ancestral expressions of McCartney
Mountain, the southern Highland Range, and the Pioneer Range.
Siliciclastic and reworked volcaniclastic sediments in the
Frying Pan sub-basin of the Beaverhead basin record rapid fluvial
aggradation during the Duchesnean. Outcrops expose a minimum
of 13.5 m of stacked pumice-rich fluvial sandstones. Rare interbedded immature Inceptisols are present, and were developed in
abandoned channels following avulsion. Fluvial aggradation in
the Frying Pan basin was likely driven by high sediment supply
spurred by syndepositional volcanic activity that produced the
thick succession of volcaniclastic sediment in the basin. Rapid
fluvial aggradation indicates that Paleogene sediment influx
either outpaced or was equal to accommodation space generation. Eastward-flowing fluvial systems reworked primarily volcaniclastic sediment and transported detritus derived from the
Pioneer Range and from volcanics that mantled the Paleogene
landscape. By late Duchesnean time, trunk fluvial systems in the
Beaverhead basin, preserved as moderately sorted cross-stratified
sandstones, transported detritus derived from the Boulder batholith and Belt Supergroup southwestward away from the Boulder
batholith and the southern Highland Range, and possibly the
ancestral Tobacco Root Range.
During the Chadronian, alluvial fans distributed sediment into the Beaverhead and Melrose basins away from areas
of paleorelief on McCartney Mountain, the southern Highland
Range, the Pioneer Range, and the Boulder batholith. In the
Rochester sub-basin of the Beaverhead basin, deposits of Chadronian alluvial fans accumulated in angular unconformity upon
deformed Precambrian bedrock of the southern Highland Range.
Tuffaceous mudstones with associated carbonates and gastropodbearing mudstones accumulated in paludal-lacustrine environments in the Melrose basin. Paludal environments may have been
associated with basin through-going fluvial systems or distal
alluvial fans. Stacked, moderately sorted, cross-stratified fluvial
sandstones preserve a record of Chadronian fluvial aggradation
in the east-central Beaverhead basin. Outcrop exposures are poor
and are typically limited to 2 m in thickness. Fluvial aggradation implies that Chadronian sediment influx either outpaced or
was equal to accommodation space generation. Southwestward
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oriented fluvial systems in the Beaverhead basin transported
sediment sourced by the Boulder batholith toward the south, and
sourced by Archean rocks in the Tobacco Root Mountains toward
the southwest. In the Upper Jefferson basin, trunk fluvial systems
migrated through paludal wetlands and flowed eastward, carrying sediment sourced by the Boulder batholith and associated
Elkhorn Mountain volcanics.
During the Orellan, fluvial channels in the Sage Creek basin
increased in size in response to waning influx of exotic volcanic
ash. Alluvial fans also supplied transported detritus into the basin.
Calcic paleosols developed as sedimentation rates declined and
climate became cooler and drier (Lielke, 2010).
Arikareean alluvial fans sourced from the Boulder batholith
radiated into the Divide basin. Paleosols developed on the fan
surface during depositional hiatuses. Basin-axial trunk fluvial
systems interfingered with distal alluvial fans and transported
sediment southward toward the Melrose basin.
Paleogene Unroofing History
A stratigraphically continuous assemblage of detrital zircon
ages collected from Renova Formation sandstones in the Beaverhead basin allows for tracking of regional unroofing trends.
Detrital zircon samples are available for sandstones of late Uintan to early Duchesnean, late Duchesnean, early Chadronian, and
Chadronian NALM ages, and spanning an interval of 10 m.y.
In general, the oldest Renona deposits contain detrital zircons
derived from volcanic, sedimentary, and metamorphic rocks that
constitute the “cover strata” to the uplift-cored Late Cretaceous
plutons. The percentage contribution of cover strata–sourced
zircon decreases, and the percentage of pluton-sourced zircon
increases, as deposits of the Renova Formation become younger.
The youngest Renova deposits contain nearly no detrital zircon
input from cover strata and are sourced almost entirely by plutonic bodies, suggesting that erosional stripping of the volcanic,
sedimentary, and metamorphic cover strata of the plutonic bodies
was nearly complete.
A late Uintan to early Duchesnean trunk fluvial sandstone
(R3; Stroup et al., 2008) contains detrital zircons that were
derived from Elkhorn Mountain volcanics, Cretaceous sedimentary rocks, the Belt Supergroup, and possibly Archean basement.
Late Cretaceous zircons associated with local plutonic bodies
are notably absent from this sample. Although sample R3 was
collected ~10 km south of the McCartney Mountain pluton, the
sandstone contained no zircons derived from the McCartney
Mountain pluton. Hence, we suspect that neither the McCartney
Mountain pluton nor the local Pioneer batholith nor the Boulder batholith had been unroofed by late Uintan to early Duchesnean time.
The first indication of unroofing of Late Cretaceous plutons
is documented in the Duchesnean. A Duchesnean pumice-rich
fluvial sandstone (FP209) sampled from the Frying Pan subbasin of the Beaverhead basin contains a majority population of
zircon sourced by syndepositional Dillon volcanics, with notable
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minor amounts of zircon derived from the Pioneer batholith.
This sample constrains initial unroofing of the Pioneer batholith
to the Duchesnean and also may mark initial pluton unroofing
within the study area. A late Duchesnean medium- to coarsegrained fluvial sandstone (DO109) contains detrital zircons that
were derived from the Dillon volcanics, the Belt Supergroup, and
the Hell Canyon pluton of the Boulder batholith. This sample
contains the earliest record of Boulder batholith–derived zircon
input into the Beaverhead basin, and it is concluded that initial
unroofing of the Boulder batholith occurred between early and
late Duchesnean time.
In Chadronian alluvial (CHA108) and fluvial (MR209) samples, detrital zircons derived from Late Cretaceous plutonic bodies, primarily the McCartney Mountain pluton and the Climax
Gulch, Moose Creek, and Butte Granite plutons of the Boulder
batholith, total at least one-third of all detrital zircons within the
samples. Dillon volcanics, Elkhorn Mountain volcanics, Cretaceous sedimentary rocks, the Belt Supergroup, and Archean
basement–derived zircon are present in the Chadronian samples
as well.
No Arikareean sandstone samples are available from the
Beaverhead basin, but Arikareean samples in the Divide basin
were composed almost entirely of abundant Boulder batholith–
derived Cretaceous zircon, indicating that most of the Mesozoic,
Paleozoic, and Precambrian cover of the Boulder batholith had
been stripped away.
Paleodrainage and Paleogeography
Paleodrainage reconstruction follows the convention
of Ingersoll (1990), who proposed three orders of scale for
sedimentary-system reconstruction in provenance studies. Chadronian (38–33.9 Ma) samples are used as a basis for comparing
the detrital zircon signatures of regional drainages, because it is
the only time interval for which detrital zircon samples are available for (almost) each basin in the study area. First-order sedimentary systems consist of locally sourced sediment, including
talus piles, alluvial fan lithofacies, and local drainages. Secondorder systems are more regionally integrated to a higher degree
than first-order systems and include fluvial networks that drain
mountain ranges or fold-and-thrust belts. Third-order systems
are large fluvial and marine systems—for example, the modern
Mississippi River—that yield repeatable provenance results and
are reliable indicators of plate tectonic setting (Ingersoll et al.,
1993). Paleodrainage and paleogeographic reconstruction of the
Renova Formation, based on provenance, facies, and paleoflow
data, reveals the presence of both first-order alluvial and secondorder trunk fluvial sedimentary systems; no third-order systems
are interpreted.
First-Order Drainages
During the Chadronian, first-order drainages consisting
of small alluvial-fan distributary channels, radiated basinward
from the inner-alluvial fan valleys, transporting sediment into
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the basins away from basin-bounding highlands, namely the
Boulder batholith–Highland Range, McCartney Mountain,
and the Tobacco Root Mountains. In the Divide and Melrose
basins, southward-oriented paleoflow indicators document the
presence of first-order alluvial fan and associated fluvial distributary systems with headwaters in the adjoining Boulder
batholith. First-order systems in the Rochester basin and the
southern upper Jefferson basin drained the southern Highland
Range and ancestral Tobacco Root Mountains, respectively. In
the lower Jefferson basin, several first-order alluvial fans and
associated fluvial distributary systems drained the Boulder
batholith to the west (Schwartz, 2010), Bull Mountain to the
north (Schwartz, 2010), and the Tobacco Root Mountains to the
south (Kuenzi, 1966).
Second-Order Drainages
At least two distinct second-order drainage systems are
documented in the study area during the Paleogene (Fig. 8). A
southward-flowing system, referred to herein as the Western
fluvial system, drained the area west and south of the Boulder
batholith–Highland Range in the Divide and Melrose basins.
During the Chadronian, ~50% of the zircon carried by this system was sourced by the Boulder batholith and associated Elkhorn Mountains volcanics, with the remaining zircon sourced
from recycling of Mesozoic sedimentary, Proterozoic, and
Archean bedrock, along with input from syndepositional Dillon volcanics. A separate system east of the Boulder batholith
in the Upper Jefferson basin, herein referred to as the Eastern
fluvial system, had headwaters draining the Boulder batholith
and northern Tobacco Root Mountains near Whitehall (Fig. 8).
This system flowed eastward, mirroring the modern configuration of the upper Jefferson River (Schwartz and Schwartz, 2009).
During the Chadronian, >95% of zircon carried by the Eastern
fluvial system was sourced by the Boulder batholith and associated Elkhorn Mountain volcanics. The Eastern fluvial system
was separated from the Western fluvial system by a Paleogene
paleodrainage divide that may have coincided with the crest of
a Paleogene basement high interpreted via gravity and 2-D seismic imaging (Rasmussen and Fields, 1985; Hanneman, 1989;
Hanneman and Wideman, 1991).
A recent case study of detrital zircons in modern fluvial deposits demonstrates that contribution of sediment from
zircon-bearing source rock in a second-order drainage basin will
typically compose ≥5% of a population of 60 grains (Link et al.,
2005). If the Western fluvial system and the Eastern fluvial system of this study were contiguous, each detrital zircon population
observed in the upstream Western fluvial system would constitute
≥5% of the detrital zircon in the downstream reaches of the Eastern fluvial system. Hypothetical upstream and downstream classifications are assigned on the basis of the orientation of mean
paleoflow vectors. The Western fluvial system is characterized
by a relative abundance (50%) of zircon sourced by the Dillon
volcanics or recycled from Mesozoic sedimentary, Proterozoic,
and Archean bedrock. In contrast, the Eastern fluvial system

spe487-04  page 91
Application of detrital zircon provenance in paleogeographic reconstruction of an intermontane basin system
statistically lacks these grains, suggesting that these two systems
were not contiguous during the Paleogene.
The Western fluvial system was largely confined within the
Sevier fold-and-thrust belt and had headwaters in the eastern
Pioneer Mountains and the Boulder batholith–Highland Range.
First-order drainage systems in the Divide and Melrose basins
received detritus derived from the Pioneer mountains to the west
and the Boulder batholith–Highland Range to the east, and combined into a second-order system that transported detritus south
into the Beaverhead basin. The presence of lacustrine-paludal
lithofacies in the Melrose basin indicates that the Divide-Melrose
basin system was a closed, internally drained basin system during
at least a part of the Paleogene, such that sediment thoroughfares
between the Divide-Melrose basin and the Beaverhead basin to
the south were intermittent. Previous studies postulated the possibility of closed-basin conditions during periods of rapid volcaniclastic sediment accumulation and basin subsidence (Fields
et al., 1985) or during punctuated arid intervals (Lielke, 2010).
The Western fluvial system likely continued to flow southward
or southeastward across the Beaverhead basin, receiving input
from first-order drainages that transported detritus eroded from
the Pioneer Range, the southern Highland Range, and the ancestral Tobacco Root Mountains.
The Eastern fluvial system had headwaters in the Boulder
batholith and the northern Tobacco Root Mountains. The Eastern
fluvial system consists of several first-order alluvial fans (Kuenzi, 1966; Schwartz, 2010) and associated fluvial distributary
systems that drained the Boulder batholith and converged in the
center of the lower Jefferson basin to form a second-order system
that transported sediment to the east. Detrital zircons from Chadronian sandstones (R1, R2, and CLA7) sampled from secondorder drainages of this system are dominated by those from the
Boulder batholith and associated Elkhorn Mountain volcanics.
Only two zircons of a total of 160 zircons did not overlap in age
with the Late Cretaceous Boulder batholith or Elkhorn Mountains volcanics. However, both of these zircons are Precambrian
in age and may represent inherited Precambrian xenocrystic zircon in the Boulder batholith. Southward-flowing fluvial systems
in the North Boulder basin, and northeastward-flowing fluvial
systems in the Harrison basin, possibly converged with the Eastern system in the lower Jefferson basin or the Three Forks basin
(Rothfuss et al., 2009).
It is uncertain where the Western fluvial system and Eastern
fluvial system flowed after leaving the Renova basin. The Western fluvial system may have converged with a Paleogene remnant
of the Beaverhead-Harebell-Pinyon Megafan (Janecke et al.,
2000), ultimately flowing into either the Wind River or the Green
River basin of Wyoming. Fritz et al. (2007) propose that the
Renova paleodrainages may have drained to the southeast into a
Paleogene basin that Seeland (1985) mapped as the White River
Group of eastern Wyoming and western Nebraska.
Interpreted paleodrainages and facies distributions in the
study area indicate that sediment disperal routes of the Renova
Formation were influenced by the regional Late Cretaceous
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Sevier-Laramide structural grain. Renova Formation fluvial networks were routed around relict Laramide highlands and Late
Cretaceous plutons, approximately mimicking preexisting paleodrainage reconstructions (Schwartz and DeCelles, 1988) for the
Cretaceous Kootenai, Blackleaf, and Frontier Formations. Previous workers have also postulated that regional Paleogene fluvial
systems may have had an ancestral origin in Cretaceous drainage
routes (Fields et al., 1985; Janecke, 1994), in some cases documenting Cenozoic sediments occupying Late Cretaceous paleovalleys in southwesternmost Montana and southeasternmost
Idaho (Janecke et al., 2000).
No evidence was found to support Thomas’ (1995) model
that Paleogene fluvial systems within the Paleogene rift zone
breached the rift shoulder to supply detritus to the Renova basin
on the eastern shoulder of the rift. Two-mica clasts within the
Renova Formation previously attributed to an Idaho batholith
provenance (Thomas, 1995) instead may have been derived from
exposures of the Clifford Creek granite (Zen, 1996), Stein Creek
pluton (Zen, 1996), muscovite-bearing granites in the Butte mining district (Meyer et al., 1968; Lund et al., 2002), or Archean
metamorphic rocks in the southern Highland Range and Tobacco
Root Mountains (O’Neill et al., 1996), as discussed by Schwartz
(2010). The authors do concede the possibility of an inherited
ancestral Late Cretaceous pre-rift drainage system that may have
transmitted sediment across the rift shoulder of the Paleogene
rift zone into the Renova basin. However, detrital zircon provenance of the Renova Formation within the study area is confidently attributed to local sources exposed in highlands within
and bordering the Renova basin and does not require an Idaho
batholith source.
CONCLUSIONS
In response to recent studies (Janecke, 1994; Thomas,
1995) that propose that deposition of the late Eocene to early
Miocene Renova Formation was restricted to a broad, low-relief,
tectonically quiescent basin on the eastern shoulder of an active
Paleogene rift zone, this study utilizes detrital zircon provenance
to test the traditional model (Fritz and Sears, 1993; Fields et al.,
1985) that the Renova Formation was deposited in individual
intermontane basins separated by basin-bounding uplands. New
LA-MC-ICPMS U-Pb detrital zircon ages were determined for
11 sandstones from the Eocene-Oligocene Renova Formation
exposed in the Sage Creek, Beaverhead, Frying Pan, Upper Jefferson, Melrose, and Divide basins of the intermontane basin
province of southwest Montana.
Detrital zircon ages indicate that the provenance of the
Renova Formation includes Paleogene volcanic rocks, Cretaceous igneous intrusions, Mesozoic-Paleozoic strata, Belt Supergroup strata, and Archean basement. The oldest Renova deposits
contain detrital zircons derived from volcanic, sedimentary, and
metamorphic rocks that make up the cover strata to uplift-cored
Late Cretaceous plutonic bodies. Detrital zircon geochronology reveals regional unroofing trends marked by a decreased
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percentage of cover strata–sourced zircon and an increased
percentage of pluton-sourced zircon in progressively younger
deposits of the Renova Formation. Of particular note are the
occurrence of zircon derived from Late Cretaceous plutonic bodies that indicate that initial unroofing of the McCartney Mountain
pluton, Pioneer batholith, and Boulder batholith occurred during
Duchesnean time.
In combination with detrital zircon populations, facies
assemblages that include alluvial fan, trunk fluvial, and paludallacustrine lithofacies invoke a complex Paleogene paleotopography in the study area in which the Renova basin was dissected by
paleo-uplands that shed detritus into the individual intervening
basins. Areas of paleorelief include ancestral expressions of the
Pioneer Range, Boulder batholith–Highland Range, McCartney
Mountain, Ruby Range, and Tobacco Root Range. Basin axial
trunk fluvial systems were fed by alluvial distributary channels.
Two noncontiguous second-order trunk fluvial systems are interpreted in the study area during the Chadronian: a Western fluvial system to the west of the Boulder batholith, and an Eastern
fluvial system to the east of the Boulder batholith. Chadronian
paleodrainage configuration was strongly influenced by SevierLaramide structural grain and exhibits possible inheritance from
Late Cretaceous fluvial systems.
The data presented in this study do not require an Idaho
batholith provenance for the Renova Formation. Detrital zircon
of the Renova Formation can be confidently attributed to local
sources exposed in the highlands that bound the Divide, Melrose, Beaverhead, Frying Pan, Upper Jefferson, and Sage Creek
basins. No evidence was found to support the model of rifttransverse Paleogene paleoflow into the intermontane basins of
the Renova basin.
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SECTION 3 – Geodynamics and Basin Evolution
The following three papers (Lielke, 2012; Lielke & Thomas 2012 a&b) address the sedimentary
depositional environments of the Renova Formation and the basin and tectonic evolution of the
Paleogene “Renova Basin”. Of particular interest is the degree to which the Renova Formation was
influenced by contemporaneous normal faulting and whether or not extension was a factor in creating
accommodation space for the deposition of Renova sediments. The balance of forces which controls
extensional tectonics and the boundary conditions necessary for the initiation and maintenance of an
extensional tectonic regime are also considered in the context of the Paleogene history of southwestern
Montana.
The first paper (Lielke, 2012) addresses the question of the forces controlling the tectonic
regime which prevailed during the Paleogene evolution of the intermontane basins of southwestern
Montana. This paper examines the role of gravitational potential energy (GPE) in the transition of the
Cretaceous Sevier fold and thrust belt from a compressional to an extensional tectonic regime. It is
contended here that variations in GPE, largely controlled by the vertical structure and thermal state of
the lithosphere, can explain the changes in tectonic regime observed in Cenozoic southwestern
Montana. The tectonic regime in turn influenced the evolution of the intermontane basins of
southwestern Montana. Two adjacent basins, the Muddy Creek and Sage Creek Basins, each contain a
thick sequence of Paleogene sediments whose ages largely overlap in time. Muddy Creek Basin is
located within the Sevier fold and thrust belt, which closely follows the hingeline of the Paleozoic and
Mesozoic passive margin continental shelf; however, Sage Creek Basin is underlain by largely
undeformed Archean craton with a thin veneer of Phanerozoic marine sediments. Therefore, these two
areas have had very different pre-Cenozoic geologic histories. Muddy and Sage Creek Basins were
examined as a test case for the hypothesis that these two adjacent basins differ in the presence of active
Paleogene normal faulting due to the fact that they are underlain by lithosphere of differing structure
and strength.
The remaining two papers (Lielke & Thomas, 2012 a&b) are road logs which examine field
evidence pertinent to the hypotheses advanced by the Lielke (2012) paper. The first of these road logs
examines Paleogene deposits in the Upper Ruby River Valley. This road log examines the nature of the
Renova Formation’s contact with underlying and overlying sediments. Evidence is presented which
demonstrates that the base of the Renova Formation is passively onlapping older Archean to Paleogene
aged rocks and that no direct evidence of contemporary normal faulting is present. This is in accord with
the hypothesis that the Paleogene Renova Formation developed atectonically and that regional normal
faulting did not begin until the middle Miocene tectonic event. However, significant topography was
present in the Paleogene ancestral Ruby Range, but as relict topography exposed by differential erosion,
not as an uplifted footwall block.
The second road log initially travels south of Dillon through the thick section of middle Eocene
volcanic rocks which appear to have formed a late Eocene/Oligocene volcanic highland – an erosionally
inverted Middle Eocene paleovalley. The second and third leg of this road log visit Muddy Creek and
Sage Creek Basins and examine the different sedimentary depositional environments preserved in these
two adjacent Paleogene basins. Evidence for differing tectonic environments is also examined in order
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to investigate the question of active normal faulting as a control on basin evolution and sedimentation
patterns.
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Gravitational Potential Energy as a Control on the Evolution of the Paleogene
Intermontane Basins of Southwestern Montana
Kevin Lielke
Geosciences Department
The University of Montana
Missoula, MT 59712
Abstract. The initiation and subsequent evolution of the intermontane basins of southwestern Montana is a
subject of considerable controversy. Of particular importance is the role which active extension played in the
creation of accommodation space for the deposition of the Renova Formation – a dominantly fine-grained
volcaniclastic unit located at or near the base of the Paleogene sedimentary section. Calculations of gravitational
potential energy (GPE) predict that the thick, rigid Archean lithosphere underlying southwestern Montana was
capable of supporting high paleoelevations (2.0-2.5 km) during the Paleogene while still maintaining a state of
vertical deviatoric compression thereby suppressing active normal faulting.
Two adjacent basins whose sedimentary sections overlap in time, but which are underlain by differing
lithosphere, were used to test the predictions of GPE analysis. Muddy Creek Basin, underlain by lithosphere heated
and thickened during the Cretaceous Sevier orogeny, was formed by normal faulting during Paleogene extensional
collapse driven by internal buoyancy forces. Paleogene sediments in Sage Creek Basin, underlain by largely
undeformed Archean basement east of the Sevier thrust front, were deposited in environments fundamentally
different from equivalent strata in Muddy Creek Basin. Moreover, no unequivocal direct evidence of Paleogene
normal faulting was observed in Sage Creek Basin in conformity with GPE predictions which suggest that Archean
lithosphere was capable of supporting high paleoelevations without undergoing buoyancy driven collapse.
Differences in sedimentary depositional environment are interpreted to be due to the presence of fundamentally
different lithosphere underlying the tectonically thickened and weakened Muddy Creek Basin area versus the
essentially undeformed Archean craton underlying Sage Creek Basin.
Changes in gravitational potential energy also provide an explanation for the middle Miocene initiation of
crustal extension in southwestern Montana east of the Sevier thrust front. Although too far away to directly
influence southwestern Montana, the impact of the Yellowstone hotspot likely destabilized the Archean basement
of southwestern Montana by thermo-mechanical erosion and heating of the lower lithosphere. Gravitational
potential energy calculations indicate that a reduction in the thickness of the mantle lithosphere, coupled with
inherited high paleoelevations, could have initiated extension driven entirely by internal buoyancy forces without
need of any further increase in gravitational potential energy. This explanation removes the need for a hotspot
mechanism to directly drive extension in southwestern Montana – the magnitude of pre-existing gravitational
potential energy was sufficient once the resistance of the undeformed Archean lithosphere was overcome. Simple
geodynamical constraints provide a comprehensive framework for understanding the intermontane basin
development of southwestern Montana and also provide testable predictions concerning the timing, distribution
and nature of Cenozoic faulting and sedimentary basin fill.

Introduction
Sedimentary basin models are normally created
from a compilation of field geologic data
fortified by data from analytic techniques, such
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as detrital zircon or stable isotope analysis, and
from exploration geophysical techniques, such
as active source seismology or potential field

measurements. Theoretical geophysical and
geodynamic constraints are often ignored in the
formulation of sedimentary basin models
especially on regional, or smaller, scales.
However, simple geodynamic calculations have
the potential to disqualify some models as
geophysically impossible and to provide criteria
for testing physically valid models through
constraints imposed by fundamental physical
properties, such as gravitational attraction and
conservation of energy. Geodynamic
constraints can also indicate what other lines of
evidence, such as the magnitude and timing of
paleoelevation changes, are relevant to testing
competing models of sedimentary basin
formation and evolution. Simple geophysical
constraints can thereby inform the
development of a geologic field campaign. In
this paper, simple calculations of gravitational
potential energy (GPE) and new geologic field
data are used to test published models for the
initiation and evolution of the intermontane
basins of southwestern Montana.
The formation of the intermontane
basins of southwestern Montana is the subject
of considerable controversy especially as
regards the timing of initial basin development
and the mechanisms responsible for the
creation of accommodation space for sediment
deposition. The Paleogene Renova Formation
and its regional equivalents represent the basal
fill of the Cenozoic basins of southwestern
Montana. Determining the conditions under
which the Renova Formation was deposited is
key to unraveling the early history of Cenozoic
basin formation in southwestern Montana. In
particular, the role played by active extension
as a mechanism for the creation of
accommodation space is of vital importance in
evaluating models of early intermontane basin
development. Although active extension was
clearly present after the middle Miocene, its
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presence prior to this time is disputed. Simple
geodynamic calculations can quantify the
boundary conditions necessary for the
existence of extension driven by internal
buoyancy forces. Once established, these
boundary conditions can provide testable
hypotheses concerning the nature and
distribution of sedimentary basins and their
internal architecture.
This study seeks to address the initial
stages in the evolution of the sedimentary
basins of southwestern Montana through a
combination of geodynamic analysis, mostly
involving gravitational potential energy (GPE)
calculations, and geologic field data, including
sedimentary facies patterns, the location of
paleotopographic highs and paleodrainage
indicators. Paleoelevation estimates from fossil
plant remains also provide an important test of
the predictions of GPE analysis. Determining the
presence, or absence, of active normal faulting
as a factor in the early stages of Cenozoic basin
development in southwestern Montana has
important implications for the overall
geodynamics of western North America and for
geophysical models which attempt to explain
the Cenozoic transition from compressional to
extensional tectonic regimes.
Geodynamics of Paleogene Extension
The forces driving extension can originate at
plate boundaries, through basal traction, basal
normal forces, or from buoyancy forces internal
to the crust and lithospheric mantle (Wernicke
et al., 1987; Sonder and Jones, 1999). In the
western United States, the influence of forces
controlling extension has varied in both time
and space. In the northern Basin and Range
province, Cenozoic destabilization of
lithosphere thickened during Cretaceous
orogeny resulted in mantle heating, an increase
in both elevation and gravitational potential

energy and the development of considerable
buoyancy to drive extension (Humphreys, 1995;
Sonder and Jones, 1999). Extension was
localized in the weakest regions, within overthickened areas of crust formed by sediment
and thrust sheet loading west of the thrust
front (Wernicke et al., 1987; Constenius, 1996;
Sonder and Jones, 1999). Lithospheric extension
is preferentially sited along orogenic belts
because they have a thicker crust, contain
structural inhomogeneities, and suffer
extensional orogenic collapse caused by body
forces resulting from isostatically compensated
elevation and high topographic relief (Dewey,
1998). While the location of extension is
principally controlled by crustal thickening, the
timing of extension is largely governed by the
thermal state of the lithosphere (Wernicke et
al., 1987). Mantle heating and volatilization
during delamination of convectively unstable
lithospheric mantle also provide a fertile
environment for explosive volcanism such as
the Eocene Challis –Absaroka-Lowland Creek
(CAL) volcanic province.
Extensional collapse of the Sevier thrust
belt has previously been evoked to explain the
initiation of extensional basin formation in
western Montana (Sonder et al., 1987,
Wernicke et al., 1987; Dewey, 1988; Constenius,
1996). The presence of thin-skinned, Sevier
thrust sheets as far east as the Hilgard thrust
system in the Gravelly and Madison Ranges
(Tysdal et al., 1986; Kellogg et al., 2002) and the
occurrence of coeval basement-involved
foreland uplifts throughout southwestern
Montana suggest the presence of gravitationally
unstable, over-thickened crust. This
gravitational instability, coupled with numerous
zones of weakness and high relief, could have
made Paleogene southwestern Montana prone
to extensional collapse. If so, then the
Paleogene basin fill of southwestern Montana
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should contain clear evidence of contemporary
normal faulting in the form of thick syntectonic
conglomerates, progressive unconformities,
faulting and folding of Paleogene strata
unrelated to later deformation, disruption of
older geologic features and correlation of
Paleogene basin margins with zones of
weakness localized above Cretaceous thrust
ramps, or other areas of thickened crust.
Extension driven by lithospheric buoyancy
related to crustal thickening would require a
high regional elevation for some time prior to
the beginning of extension (Sonder and Jones,
1999; Sonder et al., 1987). Paleoelevation,
together with lithosphere thickness and density
estimates, can be used to determine if sufficient
gravitational potential energy (GPE) existed to
drive Paleogene extension by means of internal
buoyancy forces.
Sedimentary facies, paleodrainage
patterns and provenance analysis of Paleogene
sediments have the potential to test whether or
not active normal faulting was present during
deposition of the Renova Formation. In
addition, the analysis of detrital zircons in
Paleogene sandstones can serve as an
independent source of information on
sedimentary provenance and paleotopography
in southwestern Montana (Stroup et al., 2008;
Rothfuss et al., 2009, 2010 & 2012). Fluvial
drainage and sedimentary facies patterns, the
location of topographic highs and the analysis
of sedimentation patterns and stratal
geometries can test whether or not areas of
Paleogene coarse clastic deposition are true
syntectonic gravels proximal to active
extensional faults or basin fill that simply
onlapped pre-existing topography inherited
from the Cretaceous. Paleobotanical remains,
commonly found in regional Cenozoic basin fill,
can be used to estimate the paleoelevation of
Paleogene southwestern Montana (Wolfe,

1992; Wolfe et al., 1998). High paleoelevations
are a necessary prerequisite for buoyancy
driven extension and are therefore an
important boundary condition to establish for
any model seeking to explain the transition
from compression to extension.
Previously Proposed Models
Models for the initial development of
Paleogene basins in southwestern Montana can
be divided into four general categories.
Although usually not explicitly stated, these
models implicitly assume a particular
geodynamic framework. The earliest proposed
model assumed that modern basin
configurations, bounded by listric normal faults,
were directly inherited from Paleogene
precursors and that the Renova Formation is
simply the earliest sedimentary fill of the
modern basins (Fields et al. 1985; Hanneman,
1991, 1989; Ruppel, 1993). In this model,
Paleogene basin bounding normal faults are
listic faults directly ancestral to the modern
basin bounding faults. A second model for basin
initiation in southwestern Montana postulates
an eastward extension of the low-angle normal,
or supradetachment, faulting which has been
proposed for the major Eocene extensional
system associated with Challis volcanism in
Idaho and extreme western Montana (Janecke,
1994, 2007; Janecke et al., 1997). This style of
deformation appears to have been active at
least as far eastward as the Eocene Muddy
Creek/Grasshopper Basin normal fault system
(Janecke et al., 1999; Janecke, 2007) but its
extension further to the east is uncertain.
Both of these models assume active
normal faulting initiated Paleogene basin
formation and directly influenced
sedimentation. Although not directly stated,
these models would require an increase in
gravitational potential energy due to buoyancy
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stored in uplifted crust in order to drive
subsequent extension (Sonder et al., 1987;
Sonder & Jones, 1999). The supradetachment
model is also closely linked to coeval explosive
volcanism and associated caldera collapse of
thermally compensated volcanic topography
(Janecke, 1994). This assumes replacement of
convectively unstable lithospheric mantle by
warmer asthenosphere leading to melting of
the mantle, the production of voluminous
basaltic magma (Sonder and Jones, 1999) and
the formation of derived felsic melts.
A third model visualizes a shallow, semicontinuous, featureless ‘Renova Basin’ without
active extensional faulting situated between
volcanic highlands during Paleogene time
(Sears, 1995; Thomas, 1995; Sears and Fritz,
1998; Sears & Thomas, 2007; Fritz et al., 2007).
In this model, normal faulting began during the
middle Miocene tectonic event which resulted
in the regional angular unconformity between
the Paleogene Renova and Neogene Sixmile
Creek Formations. The configuration of the
modern basins in southwestern Montana,
bounded by active listric normal faults, was
superimposed on the older Paleogene volcanic
plateau (Sears et al., 1995; Sears & Fritz, 1999;
Sears & Thomas, 2007). A fourth model
proposes that the Renova Formation was
deposited in multiple subbasins separated by
relict paleotopography and contemporary
volcanic highlands (Stroup et al., 2008; Rothfuss
et al., 2009, 2010 & 2012; Lielke, 2009, 2010).
The geometry of these subbasins approximated
the configuration of the modern basins and
ranges but differed in many details. Drainage
connectivity of these basins varied through time
due to changes in climate and drainage
disruption caused by volcanic blockage. Normal
faulting was not active east of the Sevier thrust
front; however, extension was active during the

Paleogene in contemporary basins west of the
Sevier fold and thrust belt.
Both these models assume that
buoyancy forces due to crustal thickening and
convective instability in the mantle were less
than the resisting forces, such as inherited
crustal strength, opposing extension. Cold rigid
Archean basement underlying southwestern
Montana may have imparted sufficient crustal
strength to counterbalance the increase in
buoyancy due to tectonic and sedimentary
thickening. An equivalently strong, thick
lithospheric mantle may have impeded or
prevented delamination of the lower
lithosphere. Extension ultimately required an
external driver to overcome the strength of the
Archean basement in southwestern Montana. A
sufficient external driver was eventually
provided by the middle Miocene outbreak of
the Yellowstone hotspot. Neogene to Recent
extension in southwestern Montana is driven by
a combination of buoyancy which was stored in
the crust prior to the middle Miocene and the
thermal effects of the Yellowstone hot spot.
Testing Renova Basin Models
These four proposed models for the evolution
of Paleogene southwestern Montana make
predictions concerning the geodynamic state of
the lithosphere which can be tested by a
combination of simple geophysical calculations
and field observations of the distribution and
nature of Renova sediments. The most
fundamental distinction between these four
proposed models concerns the presence of
Paleogene normal faulting as a source of
accommodation space for Renova
sedimentation. Active tectonic models which
incorporate crustal extension make
assumptions about the geodynamic state of the
lithosphere which are both different from the
assumptions of non-tectonic models and
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amenable to testing. The two most credible
driving mechanisms for crustal extension in
western North America are: 1) gravitational
potential energy (GPE) stored in the crust in the
form of high paleoelevations and deep crustal
roots, and 2) thermal compensation which
increases GPE, and elevation, by replacing cold
heavy lithospheric mantle with more buoyant,
warm asthenosphere (Sonder & Jones, 1999).
Flesch et al. (2006) found that extension in
western North America as a whole is driven, in
about equal measure, by stresses associated
with GPE differences and stresses associated
with plate boundary conditions. However, given
the position of southwestern Montana far from
the plate boundary zone of western North
America, extension in this area is unlikely to be
heavily influenced by stresses associated with
plate movements (Wernicke et al., 1987;
Sonder & Jones, 1999) leaving GPE differences
as the most probable driving mechanism.
Paleogene lower mantle heating and
volatilization would have promoted the
formation of Paleogene age volcanic centers
within southwestern Montana. Lithospheric
alteration or delamination was clearly active to
the west where the extensive Eocene age
Challis volcanics were deposited in
contemporary extensional basins (Janecke,
1994). The Challis volcanics, as well as the
Lowland Creek volcanics near Butte, occur in
the hinterland of the Sevier fold and thrust belt
(Figure 1) and are therefore likely related to
Paleogene extension collapse. The Absaroka
volcanic province is located southeast of the
Renova Basin in the hanging wall of the
Beartooth uplift, a major Laramide structural
feature. The position of the Absaroka volcanic
province is difficult to account for as it occurs
well east of the Sevier thrust front. However,
extensive crustal thickening during Laramide
orogeny, and an associated increase in GPE, in

Figure 1 – The Renova Basin in relation to important Archean to
Cretaceous structural features (blue and purple) and Paleogene volcanic
centers (green and red).
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Figure 2 – Archean and Proterozoic structural features. These features
exerted a major influence on later geologic history; for example , the
localization of Cretaceous fold and thrust belts and Paleogene volcanic
centers. The Renova Basin occupies a unique position in a Paleoproterozoic suture zone flanked by the Proterozoic Belt Basin to the
north and west and the Archean Wyoming province to the southeast.

an area adjacent to a major Paleoproterozoic
suture zone (Figure 2) may account for the
location of the Absaroka volcanic province. The
pervasive influence of inherited Archean and
Proterozoic structural features is also evident in
the trace of the Sevier fold and thrust belt and
related Paleogene extension and volcanism
(Figures 1 & 2).
Paleogene igneous materials in
southwestern Montana are mostly exotic
volcaniclastic sediments and volcanic flows with
only a scattering of small primary volcanic
centers (Chadwick, 1970, 1980 & 1981; Luedke,
1994). Middle Eocene igneous material in
southwestern Montana is likely spillover from
the Eocene Challis-Absaroka-Lowland Creek
(CAL) volcanic centers which surround
southwestern Montana to the north, west and
south (Figure 1). Some small middle Eocene
eruptive centers occur in the Renova Basin,
mostly aligned along pre-existing fractures with
an Archean ancestry and a history of reactivation during Cretaceous orogeny
(Chadwick, 1970). This suggests that these
fractures were acting as conduits for magma
generated outside the confines of the Renova
Basin. Other areas containing middle Eocene
volcanic flows, such as the thick Lower Dillon
volcanics south of Dillon, appear to fill preexisting paleovalleys and are therefore not
primary eruptive centers. Late Eocene and
Oligocene volcanic materials consist mostly of
pumice micro-fragments, ash and volcanic glass
- exotics likely sourced from as far away as the
Great Basin and Cascades (Larson & Evanoff,
1998). This low level of primary igneous activity
seems inadequate if assumed to be the product
of a major Paleogene episode of lithospheric
heating beneath southwestern Montana.
The absence of large primary volcanic
centers in southwestern Montana implies that
Paleogene extension would have been driven
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by buoyancy originally stored in the crust during
Cretaceous orogeny. In order to test the
viability of buoyancy driven extension as the
primary factor in the basin evolution of
Paleogene southwestern Montana, potential
energy differences (∆PE) between idealized
lithospheric columns and a reference column
(Figure 3), in isostatic balance with each other,
were calculated. For this study, the
asthenosphere geoid, the height the
asthenosphere would rise to without an
overlying lithosphere, was used as a reference
column (Turcotte et al, 1977; Zoback &
Mooney, 2003). The following equation governs
this relationship (Jones et al., 1998; Sonder &
Jones, 1999):
𝐿

𝐿

(1) ∆PE = ∫𝐻0 𝜌𝑎 𝑔𝑧𝑑𝑧 − ∫−𝜖 𝜌(𝑧)𝑔𝑧𝑑𝑧
Where

L = the depth of compensation
ε = surface elevation (paleoelevation)
Ho = depth to the top of a column of
asthenosphere of density ρa
And where
a positive value of ∆PE = a state of
horizontal deviatoric tension
a negative value of ∆PE = a state of
horizontal deviatoric compression
If ∆PE is positive, buoyancy driven extension
becomes possible, depending on the overall
lithospheric strength, the pervasiveness of
crustal zones of weakness and the magnitude of
the boundary forces opposing extension. Since
this study is concerned with regional scale
differences between areas with different
tectonic histories and lithosphere structure, a
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Figure 3 -Structure of idealized lithospheric column and asthenosphere
geoid reference column for calculating gravitational potential energy.

simple, coarse-scale model is adopted where
the density structure of the lithosphere
𝜌(𝑧) for each area is assumed to be a

constant (𝜌𝑙 ), dependent on the thicknesses
of the crust and lithosphere and their
respective densities (𝜌𝑐 & 𝜌𝑚 ). The effects of

lateral crustal heterogeneities on GPE are small
compared to vertical thickness and density
variations and are therefore unlikely to affect
the conclusions of this study. Solving the above
integral subject to these conditions yields the
following solution (see Appendix 1 for
derivation of solution):

(2) ∆PE =

𝒈
𝟐

[ (𝑳𝟐 ( 𝝆𝒂 − 𝝆𝒍 ) + 𝝆𝒍 ϵ𝟐 ) − 𝝆𝒂 𝐇𝐨𝟐 ]

Curves for ∆PE were calculated for multiple
geologically realistic scenarios and the results
are reviewed below.

Constraints on Buoyancy Driven Extension
Variations in potential energy stored in the
crust are dependent on (1) the density structure
of the lithosphere, (2) its thermal evolution, and
(3) the way convergent deformation is
partitioned between crust and mantle
lithosphere (Zhou & Sandiford, 1992). In order
to test how these factors affect the tectonic
regime, curves plotting ∆PE versus
paleoelevation were calculated for different
values of crustal and lithospheric thickness
assuming a constant density structure (Figures 4
– 6). Several trends are apparent from these
plots. First, the value of ∆PE is directly
proportional to the crustal thickness and
inversely proportional to the lithospheric
thickness. The value of ∆PE is also directly
proportional to the elevation (ε) above sea level
of the lithospheric column. These results imply
that high paleoelevations and thick, low density
crustal roots would favor positive values of ∆PE
and therefore crustal extension, while a thick,
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dense mantle lid would promote negative ∆PE
and a compressional tectonic regime. A thin
mantle lid, a situation analogous to the
replacement of dense crustal mantle with
buoyant asthenosphere during delamination,
would also promote crustal extension especially
if the lithosphere was also thermally weakened
(Zhou & Sandiford, 1992). This analysis is
consistent with previously obtained results
(Molnar & Lyon-Caen, 1988; Sonder & Jones,
1999).
Estimates for the modern crustal
thickness of southwestern Montana, mostly
derived from passive source seismic refraction
data, vary from a relatively thin crust of ~33 km
to thicker crust in the range of ~45 km
(Steinhart & Meyer, 1961; McCamy & Meyer,
1964; Sheriff & Stickney, 1984; Prodehl &
Lipman, 1989; Braile, 1989). Active source
seismic reflection data from the Boulder
batholith region show a seismically layered
lower crust with a sub-horizontal base at a
depth of around 38 km (Vejmelek & Smithson,
1995). This value was used here as the most
reasonable estimate for the average crustal
thickness of modern southwestern Montana.
Plots of ∆PE versus paleoelevation were
calculated for four different values of
lithospheric thickness, holding the crustal
thickness constant at 38 km (Figure 7). For this
choice of crustal thickness, positive
(extensional) values of ∆PE are found for
lithosphere less than about 150 km thick.
Significantly, passive source seismic refraction
data for thermally undeformed Archean
Wyoming Province lithosphere yields thickness
estimates of greater than 150 km (Zurek &
Dueker, 2005), which is also comparable to
thickness estimates for eastern Montana
cratonic lithosphere (Iyer & Hitchcock, 1989).
As can be seen from Figure 8, the curve
for a 38 km thick crust coupled with a 150 km
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thick lithosphere, paleoelevations can also
affect the stress regime with positive ∆PE values
present above a paleoelevation of about 1750
m. Values of ∆PE increase rapidly toward
values (1011 N/m) sufficiently large to overcome
any realistic resisting force at paleoelevations
above about 3000 m. These modeling results
suggest that Paleogene lithosphere in
southwestern Montana, if structurally similar to
thermally undeformed lithosphere in other
parts of the Wyoming province, could have
supported moderate paleoelevations (1-2 km)
while still maintaining a state of horizontal
deviatoric compression (negative ∆PE).
Moreover, the inherent strength of Archean
basement rocks and the location of
southwestern Montana east of the locus of
maximum Cretaceous crustal thickening would
imply a greater ability to support high
topography than calculated by consideration of
potential energy differences alone. Therefore,
the first requirement for buoyancy driven
extension, a positive value of ∆PE, was likely not
met in Paleogene southwestern Montana.
To the west, in the area of maximum
crustal thickening during Cretaceous orogeny,
∆PE analysis suggests a much greater
propensity for subsequent buoyancy driven
extension. Increasing the crustal thickness
without altering the lithospheric mantle
thickness, by tectonic stacking of thrust sheets
for example, dramatically increases ∆PE thereby increasing the potential energy
available to drive extension. This increase in
∆PE would be partially offset if mantle
lithosphere was also thickened (by mafic
underplating, thrusting of lithospheric mantle
or some other process) although the overall
trend still appears to be towards an increase in
∆PE. High paleoelevations, in the form of
Paleogene altiplano-type topography (Mix et al.,
2011; Horton & Chamberlain, 2006; Horton et
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al., 2004; Jones et al., 1998), would also
increase ∆PE and the capacity to drive
extension through buoyancy forces alone.
Dynamic topography, topography
supported by buoyancy related to
asthenospheric thermal anisotropy, can also
contribute significantly to the lithospheric
stresses driving deformation (Lowry et al.,
2000). Tectonism is localized where lithosphere
with negligible mantle viscosity, due to
upwelling of asthenosphere for example, abuts
lithosphere with significant uppermost mantle
viscosity (Lowry et al., 2000). This seems an
accurate geophysical characterization of the
situation along the front (Muddy
Creek/Grasshopper fault zone) between the
Challis volcanic province and the rigid Archean
basement province of Paleogene southwestern
Montana.
Neogene to Holocene extension in
southwestern Montana is likely related to the
outbreak and subsequent migration of the
Yellowstone hotspot (Sears 1995; Sears & Fritz,
1998). A decrease in the thickness of the
lithosphere due to replacement of mantle
lithosphere by less dense asthenosphere, while
at the same time preserving crustal thickness,
would greatly increase ∆PE (Figure 7).
Moreover, dynamic elevation due to the sublithospheric thermal effects of the Yellowstone
hot spot is also an important driver of modern
extension in the Yellowstone region (Lowry et
al., 2000; Anders & Sleep, 1992). If the
impingement of the Yellowstone hot spot on
the base of the North American plate led to
destabilization and removal of lithospheric
mantle then this, along with a probable increase
in elevation, could have increased ∆PE
sufficiently to overcome any remaining
resistance to crustal extension - thus initiating
“basin and range” style deformation in
southwestern Montana. The results of this
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analysis are consistent with the conclusions of
Sonder & Jones (1999), “the complex evolution
of the northern basin and range probably
represents removal or alteration of mantle
lithosphere interacting with buoyancy stored in
the crust”. A likely corollary of this theory is
relative tectonic quiescence in southwestern
Montana prior to the outbreak of crustal
extension during the middle Miocene.
Paleogene Paleoelevations from Paleobotany
The Paleogene basins of southwestern Montana
contain an impressive array of fossil plant
material. Paleobotanical remains are a potent
source of climate data and can also serve as
important proxies for topographic relief and
paleoelevation (Graham, 1999 & 2011; Wolfe et
al., 1998; Wolfe, 1992). The fossil floras of
southwestern Montana were first described in
detail by Hermann Becker (Becker, 1973, 1972,
1969, 1961 & 1960) and have recently been
subjected to a detailed statistical analysis with
the intent of reconstructing the
paleoenvironment of the northern Rockies
across the Eocene/Oligocene boundary (Lielke
et al., submitted). Paleoelevation estimates for
the upper Ruby Valley and Beaverhead Basins
area were also calculated as part of the
reconstruction of Paleogene vegetation
patterns. These results are significant for this
study as the Beaverhead Basins occur in an area
of undisputed Paleogene normal faulting while
the upper Ruby Valley, ~60 km to the east, is
located well within the Archean basement
province of southwestern Montana. Thus
paleoelevation estimates from these two areas
have the potential to test whether significant
differences in paleoelevation were present
between the Archean basement province and
the core of the Sevier fold and thrust belt
during late Eocene/early Oligocene time, the
age of the fossil plant assemblages.
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A high local paleoelevation in
southwestern Montana would suggest the
presence of stored gravitational potential
energy of insufficient magnitude to overcome
the forces inhibiting extension. In accord with
the predictions of the above ∆PE analysis,
estimated paleoelevations in the Archean
basement terrane of southwestern Montana
are ~0.7 to 1.0 km higher than those to the
west, on the edge of the area of maximum
Cretaceous compressional deformation (Lielke
et al., submitted). The Beaverhead Basins area is
also on the edge of the middle Eocene Challis
volcanic province – site of extensive caldera
volcanism and related normal faulting (Janecke,
1994) likely linked to lithosphere delamination.
The Challis volcanic province is localized along
the trend of maximum Cretaceous orogenic
thickening in agreement with an “extensional
collapse” scenario (Constenius, 1996; Wernicke
et al., 1987). As previously demonstrated,
crustal thickening coupled with erosion of
lithospheric mantle is a potent trigger for
buoyancy driven extension, especially in areas
containing zones of crustal weakness related to
thick sediment accumulations and reactivated
thrust faults (Zhou & Sandiford, 1992;
Constenius, 1996). The observed differences in
early Oligocene paleoelevation are consistent
with Paleogene extension limited by the
boundaries of cold rigid Archean lithosphere.
A modern Rocky Mountain analog for
extension delimited by lithospheric
heterogeneity may exist to the south where the
Rio Grande rift is impeded from deforming by
the greater mechanical strength of the
surrounding provinces, even though present
day ∆PE estimates for the Rio Grande rift are
higher than those for the northern Basin and
Range province (Townsend & Sonder, 2001).
However, one important difference is apparent.
The modern Rio Grande rift, surrounded by

strong lithosphere on three sides, is limited in
its extension rate throughout the rift. The
Eocene Challis ‘rift’, limited by strong
lithosphere to the east but unconstrained by
similar barriers in other directions, displays
more widely distributed normal faulting. Based
on their observations in the Rio Grande rift,
Townsend and Sonder (2001) conclude that
lithospheric strength in surrounding regions
approximately twice that in an actively
deforming region is sufficient to impede
extension.
Sedimentary Evidence for Paleogene Extension
Syntectonic sedimentation is well-documented
in the Eocene / Oligocene basins associated
with the Challis volcanic province in Idaho and
westernmost Montana (Janecke, 1994). Janecke
(2007) postulates the existence of a north-south
trending zone of extensional basins which in
extreme southwestern Montana is bounded by
the Muddy Creek/Grasshopper normal fault
system. The existence of Paleogene normal
faulting further to the east is controversial.
Based on their interpretation of sedimentary
structures and stable isotope data, Kent-Corson
et al. (2010) inferred the existence of active
extension during deposition of the Renova
Formation in the Sage Creek Basin. However,
recent analysis of detrital zircons and the
distribution of sedimentary facies within the
Renova Formation suggests the presence of
relict paleotopography unrelated to active
extension (Lielke, 2010; Rothfuss, 2010;
Rothfuss et al., 2012) – a model consistent with
the results of ∆PE analysis.
In order to resolve this issue, and to
further test the predictions of ∆PE modeling, a
detailed sedimentary facies analysis of the Sage
Creek area east of Dell, MT was undertaken.
This area is well suited for a study of this nature
for two reasons: 1) it contains a well-exposed
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section of Paleogene sediments which range
from the middle Eocene to the early Miocene,
and 2) the Sage Creek area is in close proximity
(~18 km at present and less prior to NeogeneRecent extension) to Muddy Creek Basin, which
is known to have been influenced by Paleogene
normal faulting (Dunlap, 1982; Janecke et al.,
1999). Thus the Sage Creek area serves as an
excellent test case for the presence or absence
of Paleogene normal faulting within the
Archean basement terrane of southwestern
Montana. The sedimentary response of Muddy
Creek Basin is assumed to be an appropriate
standard for syntectonic sedimentation under
the boundary conditions of Paleogene climate
and geology in southwestern Montana. This
standard was used as a basis of comparison for
the contemporary and younger sediments in
the greater Sage Creek area.
Paleogene Sediments - Sage Creek Basin
The Paleogene sediments of the Sage Creek
Basin were studied in order to determine if
evidence exists for syndepositional normal
faulting, to delineate areas proximal to
contemporary topography and test models of
basin evolution. Paleogene sediments were
divided into facies associations which represent
the major sedimentary depositional
environments as interpreted from sediment
type, sedimentary structures and
paleontological data. Measured sections were
used to study changes in sedimentary
depositional environment through time and to
determine lateral facies changes (Figure 9). The
complied field data was used to interpret basin
configuration, elevated source areas, drainage
patterns and tectonic regime. Once established,
this model for the evolution of the Sage Creek
Basin was compared to the published
description of Muddy Creek Basin in order to
determine if significant differences exist which
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can be attributed to lithosphere stability and
susceptibility to crustal extension.
Age of Sediments
The Paleogene strata in the Sage Creek area
have been divided into the Sage Creek
Formation, including the informal 49-42 Ma
lower Dillon Volcanics Member, and the Dell
Beds, Cook Ranch, Blacktail Deer Creek and
Little Sage Creek Members of the Renova
Formation, including the informal 34-27 Ma
middle Dillon Volcanics Member (Tabrum et al.,
1997; Fritz et al., 2007). These units form
lithologically distinct sediment packages
separated by significant unconformities (Figure
10).
The biostratigraphy of the area was
most recently summarized by Tabrum et al.
(1997, 2002). The oldest sediments present are
cross-bedded, volcaniclastic sandstones
assigned to the Sage Creek Formation (Tabrum
et al., 1997; Fritz et al., 2003). The Sage Creek
Formation is middle Eocene in age [Bridgerian
NALMA] with brontothere horizons Br-1
through Br-3 all represented (Tabrum et al.,
2002). An 40Ar/ 39Ar age date of 45.55 Ma was
obtained from rhyolitic volcanics in the Hall
Springs area (M’Gonigle and Dalrymple, 1996)
which either overlie or are interbedded with the
volcaniclastic sandstones of the Sage Creek
Formation. The Sage Creek Formation is
separated from the overlying Dell Beds Member
of the Renova Formation by a conspicuous
unconformity and the Hall Springs subaerial
basalt flow [~47 Ma - Fritz et al., 2007] which
locally intervenes between them (Tabrum et al.,
1997).
The Dell Beds Member is mostly late
Uintan in age, as indicated by mammal
biostratigraphy and magnetostratigraphic
measurements which place the Dell Beds in
Chron C18r [40.2 - 41.0 Ma] (Woodburne, 2004;
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Tabrum et al., 1997). The Dell Beds contain the
late Uintan Douglass Draw and Hough Draw
local faunas and two magnetostratigraphic
sections of mostly reversed polarity correlated
with the early part of Chron 18r [Douglass Draw
local fauna] and the later part of Chron 18r
[Hough Draw local fauna] (Tabrum et al., 1997).
The lower part of the Cook Ranch Member,
west of the type section, has yielded both
Middle to Late Orellan (Matador Ranch local
fauna) and Late Chadronian (East Hough Draw
local fauna) fossils. These sediments were
assigned to Chron 12r and Chron 13r
respectively due to their reversed magnetic
polarity and associated fossil content
(Woodburne, 2004; Tabrum et al., 1997). If
normal polarity sediments (Chron 13n) are
present between these two zones of reversed
polarity, then the Eocene/Oligocene boundary
should lie somewhere very near the boundary
between Chrons 13r and 13n (Hilgen and
Kuiper, 2009).
The Cook Ranch Member at the type
section locality contains the Late Orellan Cook
Ranch local fauna. A magnetostratigraphic
section of mostly reversed polarity is assigned
to the unusually long Chron 12r based on the
associated Orellan fossils (Tabrum et al., 1997).
To the north and east, the Whitneyan Blacktail
Deer Member overlies, but is not in observable
contact with, the Cook Ranch Member and the
late Hemingfordian/early Barstovian Little Sage
Creek Member uncomformably overlies the
Blacktail Deer Member (Tabrum et al., 1997).
Sage Creek Formation
The Eocene (Bridgerian) Sage Creek Formation
is a predominately fluvial sandstone succession
which is exposed within a limited area at the
base of the Paleogene sedimentary package
east of Dell, MT. Although of limited spatial
extent, Sage Creek Formation outcrops are
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generally well-exposed vertically and laterally
and provide for a solid basis for interpretation.
Exposed Sage Creek Formation ranges from 70
to 100 meters in thickness and is separated
from the overlying Dell Beds Member of the
Renova Formation by a pronounced
unconformity (Figure 9). The depositional
environments of the Sage Creek Fm. comprise a
single fluvial facies association.
Facies Association SC-1: Fluvial Sandstone Facies Association SC-1 is composed
predominately of trough cross-bedded
volcaniclastic sandstone interbedded with
lesser amounts of pedogenically altered
overbank or fine-grained stream deposits
(Figure 11). Coarse-grained material is
generally confined to basal lags and scour
deposits and local lenses of conglomerate.
Individual sandstone units tend to fine upwards
though this trend is not well defined in every
unit. Clast size diameter seldom exceeds a few
centimeters in size and is generally
volcaniclastic in origin. Fossil wood is also
common. The Sage Creek Formation is
composed of stacked individual sandstone
lenses which are usually a few meters thick with
highly variable widths – usually on a scale of a
few 10’s of meters although in places they form
laterally extensive tabular sheets.
Paleocurrent indicators (crossbeds)
show consistent flow directions within
individual sandstone units but can be highly
variable between units. The mean direction of
flow is towards the southeast (S42E). Silicified
logs and wood are commonly found throughout
the Sage Creek Fm. and elongated pieces are
often found oriented parallel to the flow
direction. Carbonate nodules and thin gypsum
layers, presumably pedogenic, occur
interlayered within or between individual
sandstone units.

141

Interpretation: Facies Association SC-1
is interpreted as a sandy braided stream system
similar, but not identical, to the Platte-type
model of Miall (1977). Individual sandstone
units represent the summation of annual high
volume discharge events separated by periods
of seasonal or episodic dryness during which
pedogenic alteration of previously deposited
material occurred. The lack of well-defined
overbank fines and thick paleosols suggests a
high energy stream environment carrying
relatively large volumes of volcaniclastic
material. The common occurrence of traction
transport indicators (trough crossbeds),
oriented logs and the paucity of fine sediment
also suggests a highly energetic hydrologic
system.
It is theorized that the Sage Creek
Formation was deposited during seasonal flood
events sourced from headwaters in local
volcanic highlands composed of easily eroded
Lower Dillon Volcanics. Detrital zircon analysis
of a sandstone bed near the base of the
sequence (Figure 12) is dominated by
Proterozoic aged zircons, likely indicating
reworking from Beaverhead Formation sources,
and Paleogene zircons with ages peaking in the
46-47 Ma range (Rothfuss et al., 2012). Felsic
and mafic volcanic rocks, with K-Ar ages ranging
from 43-48 Ma, in the Beaverhead Canyon area
to the north/northwest are the most likely
source rocks. Water velocity was sufficiently
fast to scour older material, move sand in the
form of channel bed dunes and winnow most of
the fine-grained material. Pedogenic alteration
occurred between periods of flood discharge.
The presence of evaporite (gypsum) layers
suggests the occurrence of extended drought
possibly in a middle Eocene subtropical wet-dry
environment.

Figure 11: Facies within the Sage Creek Formation and Dell Beds Member of the Renova Formation. Top panel –
Trough cross-bedded sandstone and pebble conglomerate facies of Facies Association SC-1, left – looking west,
right – looking north. Middle Panel – Lenticular and sheet-like conglomerate channels cut into fine-grained
overbank facies of Facies Association DB-1, proximal alluvial fan environment. Clasts are predominately
Precambrian Belt Supergroup duraclasts recycled from the Cretaceous Beaverhead Formation exposed directly to
the west of these outcrops. Bottom Panel left – two conglomerate lenses and a cross-bedded sandstone sheet
occupying the same stratigraphic level within an otherwise fine-grained overbank environment of Facies
Association DB-2. Right – close up of scoured conglomerate channel with prominent reddish cobbles of Belt
Supergroup quartzite and Paleogene black basalt, largely identical to those in the conglomerates of DB-1
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Figure 12 – Detrital zircon ages from Sage Creek area. Blue columns are
from sample 10-SC-01 in the middle Eocene Sage Creek Formation, red
columns are from sample 10-CR -01 in the Oligocene Cook Ranch
Member of the Renova Formation.
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Dell Beds Member – Renova Formation
The Eocene (Uintan) Dell Beds Member of the
Renova Formation is composed primarily of
reworked volcaniclastic siltstone and sandstone.
Coarse clastic material is largely confined to
channels cut into the fine-grained volcaniclastic
material. Towards the west, in the direction of
surface outcrops of the Cretaceous Beaverhead
conglomerate, the Dell Beds Member becomes
more conglomeratic, presumable due to
proximity to contemporary topography.
Maximum thickness is over 100 m. The
sedimentary depositional environments of the
Dell Beds Member are divided into two
components – a proximal alluvial fan
conglomerate facies (DB-1) and a distal finegrained fan, overwash and cut channel facies
(DB-2).
Facies Association DB-1: Proximal Alluvial Fan Facies Association DB-1 is composed of clast
supported conglomerates with either poorly
defined decimeter scale bedding or massive
bedding (Figure 11). These clast supported
conglomerate lenses and sheets are
interbedded with fine-grained overbank
material and matrix supported conglomerate
and sandstone, usually massively bedded or
with poorly defined planar bedding. Matrix is
fine volcanic material and carbonate cement.
Cobbles are angular to subangular in shape and
range in size up to 0.5 m in diameter; however,
average sizes are in the 5-15 cm diameter
range. Clast lithologies are predominately
volcanic and Precambrian Belt Supergroup
quartzites. Mesozoic and Paleozoic
sedimentary and igneous lithologies are also
present in smaller percentages. These alluvial
conglomerates interfinger with DB-2 finegrained deposits further to the east.
Interpretation: Facies Association DB-1
represents a proximal alluvial fan facies
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developed along the flank of topography
composed of Cretaceous syntectonic
Beaverhead Formation conglomerates. Clasts
within DB-1 are recycled lithologies from the
Beaverhead Formation mixed with Paleogene
volcanic cobbles. The eastward decrease in the
amount of clast-supported conglomerate
relative to finer-grained material suggests that
the source terrain is to the west. This
interpretation is strengthened by the westward
increase in the size and connectivity of clast
supported conglomerate units, the increase in
matrix supported conglomerate, interpreted as
debris flows, and the correlation of clast types
with lithologies found in the Beaverhead
conglomerate and Paleogene volcanics, both of
which outcrop to the west/northwest.
Facies Association DB-2: Distal Alluvial Fan Facies Association DB-2 is composed primarily
of reworked volcaniclastic siltstone and fine
sandstone along with minor medium to coarse
grained sandstone beds exhibiting tabular, and
locally lenticular, geometries (Figure 11).
Prominent cut channels containing
conglomerate and coarse sandstone are
scattered throughout the finer grained facies.
Larger channels contain multiple fining upwards
sequences consisting of basal conglomerate
overlain by coarse and medium grained, locally
cross-bedded, sandstone. Some channels are
primarily composed of sandy material, often
trough cross-bedded. Silt and fine-grained
sandstones commonly show pedogenic
alteration including the formation of carbonate
nodules and lenses. Some reworked siltstone
contains a sufficiently high proportion of larger
cobbles to be considered matrix supported
conglomerate. Some thin sheet sandstones are
also present, increasing in abundant towards
the top of the Dell Beds. Discrete volcanic airfall

tephra layers are also present within the Dell
Beds.
Interpretation: Facies Association DB-2 is
interpreted to be the medial and distal portions
of the same alluvial system whose proximal
section is represented by Facies Association DB1. Cut channel conglomerates containing clast
types similar to those in DB-1 likely represent
channels incised into the finer-grained overbank
portions of the alluvial fan during high energy
discharge events. Clast imbrications and
crossbeds suggest derivation from the west
towards the proximal part of the system
represented by DB-1. It is hypothesized that the
DB-2 channels are directly connected to the
larger lenses and sheets of conglomerate
exposed to the west although this was not
directly observed. Lenticular channels
containing mostly sand represent deposition
further from the source or less energetic
discharge events. Thin sandstone sheets,
usually massive, probably represent single flood
events similar to crevasse splays which
occasionally overflowed the fan surface.
Pedogenically altered, fine sand and silt
represent between-channel overbank and
eolian material. Matrix supported conglomerate
represents debris flow deposits flowing across
the fan surface.
Cook Ranch Member – Renova Formation
Sediments of the late Eocene (Chadronian) to
Oligocene (Orellan) Cook Ranch Member of the
Renova Formation were deposited in an
environment similar to that of the Dell Beds
Member. However, the more extensive
development of calcic paleosols and greater
preservation of discrete tephra layers suggest a
lower rate of sedimentation and/or a more arid
climate. Maximum thickness is 90 to 100 m
(Figure 9). Depositional environments in the
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Cook Ranch Member represent a single Facies
Association (CR-1).
Facies Association CR-1: Alluvial and Fluvial –
Facies Association CR-1 consists of fine-grained
siltstone containing a high percentage of
volcaniclastic debris, thin medium-grained
sandstone sheets and conglomerate/coarse
sandstone deposits localized in large cut
channels containing multiple (5 to 6) upward
fining sequences (Figure 13). Clast lithologies
are dominated by mafic volcanics, probably
Eocene Hall Springs Basalt, Precambrian Belt
clasts, Paleozoic quartzite, sedimentary
intraclasts and Archean metamorphic rocks.
Clasts are angular to subangular and range in
size up to 0.25 meter in diameter.
Moderately well-sorted, cross-bedded
sandstone sheets and lenses increase in number
towards the south but overall represent only a
small percentage of the Cook Ranch Member.
One sandstone bed near the base of the
outcrop contains a prominent basal pebble lag
and small gastropods are present in some
sandstone samples. Calcic pedogenesis is very
well developed and includes carbonate nodules,
mounds and continuous sheets suggesting that
the early Oligocene climate was drier and/or
that sedimentation rates were significantly
lower. Increased preservation of air fall tephras
also suggests minimal reworking and low
sedimentation rates. These air fall tuffs likely
correspond to eruptions associated with Great
Basin caldera volcanism, as is also inferred for
tuffs in the Oligocene White Hills Formation of
Wyoming, South Dakota and Nebraska (Larson
& Evanoff, 1998). This conjecture is
strengthened by the occurrence of zircons of
early Oligocene age, presumably reworked from
ash fall material, within a fluvial sandstone bed
near the top of the Cook Ranch type section
(Figure 12).

Figure 13a - Cut channel in
overbank mudstones. Channel is
composed of five to six fining
upward sequences each of which
consist of a basal conglomerate lag
which grades upwards to coarse
sandstone. Each sequence is
interpreted as a single flood event
which incised distal fine-grained
alluvial fan deposits. Cook Ranch
Member of the Renova Formation
type section.

Figure 13b – Fine-grained crossbedded fluvial sandstone located
near top of Cook Ranch type
section. These thin sandstone
layers are interpreted as
ephemeral to semi-permanent
meandering stream deposits which
traversed an arid environment
alluvial fan. In some localities,
basal lag deposits and small
freshwater gastropods have been
observed.

Figure 13c – Well-developed calcic
paleosols (calcisols) near the base
of the Cook Ranch Member type
Section. Paleosols form discrete
layers and conical masses which
occasional form a threedimensional mesh of interlocking
horizontal and vertical layers.
These calcisols are indicative of an
arid climate during deposition of
the Orellan (early Oligocene) Cook
Ranch Member.
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Interpretation: Facies Association CR-1
corresponds to a distal alluvial fan or
fluvial/overbank depositional environment
similar to DB-2. Differences include a larger
proportion of highly developed calcic paleosols
and a smaller number of cut channels, although
the channels which are present are larger than
those in DB-2. These cut channels probably
represent rare high discharge events. The
presence of multiple fining upward sequences
suggests that subsequent flood events were
localized along previously exhumed channels.
The smaller number of channels, their larger
size and the presence of large angular clasts
suggest fewer, but more extreme, flood events
during early Oligocene time.
Sandstone sheets and narrow lenses,
generally cross-bedded with scoured bases and
basal pebble lags are interpreted as small,
possible ephemeral, meandering streams. This
interpretation is supported by the rare
occurrence of small freshwater gastropods.
These small streams may have been active
during wet periods in a dominantly arid climate
or during normal seasonal runoff events.
Sandstones are more common in the south
while large channel conglomerates are more
common to the north, suggesting possible
lateral variations in sedimentary environment.
Fine-grained material, containing a high
proportion of volcanic glass and pumice,
represents distal alluvial, fluvial overbank and
eolian environments. Calcic paleosols are
developed to an extremely high degree in the
Cook Ranch Member progressing from
individual nodule layers to continuous sheets
showing significant surface topography. Some
of these calcic mounds intersect with overlying
sheets forming a three dimensional web of
pedogenic material. This extreme pedogenesis
can be interpreted as evidence of a highly arid
climate, in keeping with global aridification and
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cooling observed at other early Oligocene
localities; however, low sedimentary rates in a
distal alluvial fan setting could also account for
increased pedogenesis. Up to seven discrete,
laterally extensive tephra beds are present at
the Cook Ranch type section. These tephras
show some evidence of reworking but largely
appear to be primary airfall deposits. The
presence of closely spaced tephra beds also
suggests a low sedimentation rate and an
increase in exotic ashfall temporally coincident
with Great Basin caldera eruptions (Larson &
Evanoff, 1998).
Summary
The overall interpretation of the Paleogene
deposits in the Sage Creek Basin is that they
represent the headwaters of an Eocene/
Oligocene paleovalley oriented perpendicular to
the uplifted footwall of the Muddy Creek fault
system but parallel to the contemporary
volcanic highlands to the north (Figure 14). The
Frying Pan Basin area north of Dillon represents
a similar headwaters region located to the
north of the volcanic highlands and probably in
a more proximal position relative to the Sage
Creek area. These paleovalleys are interpreted
to be incisional, rather than tectonic, in nature
but could have a Cretaceous orogenic ancestry
given their orientation perpendicular to major
Sevier thrust sheets and their close association
with the underlying late Cretaceous syntectonic
Beaverhead Formation. The dominant forces
controlling accommodation space were likely
Paleocene/early Eocene incision of paleovalleys,
Paleogene volcanic topography and relief, the
influx rate of volcaniclastic sediment and
paleoclimate -especially variations in
precipitation. Sedimentation was not constant
and alternated with major periods of subaerial
erosion.
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The preceding paleogeographical
analysis suggests the following sequence of
basin development in the Sage Creek area. The
middle Eocene Sage Creek Formation was
deposited on a Paleogene/early Eocene
erosional surface probably as a paleovalley fill
sequence (Fritz et al., 2007). Facies analysis of
the immature, volcaniclastic cross-bedded
sandstones of the Sage Creek Formation
indicates a braided fluvial system draining
highlands at least partly volcanic in origin
located to the northwest, as indicated by the
orientation of paleoflow indicators. The ages of
Paleogene zircons suggest that the sampled
section was no older than ~46 Ma (the age of
the youngest detrital zircon) and that it was
sourced in part from volcanic rock 46-52 Ma
with a majority of zircons in the 46-47 Ma
range. Volcanic rocks exposed in the Clark
Canyon/Beaverhead River area to the N/NW of
Sage Creek probably served as the local
headwaters of this fluvial system. K-Ar dates on
the volcanic rocks in the Clark Canyon area
range from 43-48 Ma (Fritz et al., 2007;
Chadwick, 1980).
Sage Creek Formation deposition was
terminated after 46 Ma and a subaerial erosion
surface was developed. Rhyolitic tuff was
emplaced in the Sage Creek area around ~45
Ma (40Ar/39Ar – 45.55 +/- .14 Ma from
M’Gonigle and Dalrymple; 1996). It is
hypothesized that the Sage Creek area was
converted into a region of positive topographic
relief as the locus of volcanism migrated
southward from the Clark Canyon area. The
presence of the Hall Springs basalt on the
unconformity at the top of the Sage Creek
Formation demonstrates the presence of
subaerial volcanic activity in the Sage Creek
area at this time. As active volcanism waned
after 43-42 Ma erosion of the volcanic pile led
to the deposition of alluvial fans around the
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fringes of the Eocene volcanic highlands and
also the relict topography previously developed
on older units such as the Beaverhead
Formation. These alluvial fans correspond to
the Dell Beds Member of the Renova
Formation. Deposition of sediment was
suspended again, possibly due to renewed
volcanism in the Sage Creek area, around ~39
Ma as suggested by a K-Ar date of 38.9 +/- 1.7
Ma (Chadwick, 1978) on tuff in the northern
headwaters of Sage Creek.
Alluvial fan deposition was renewed
around 35-36 Ma as represented by the Cook
Ranch Member of the Renova. Felsic airfall
tephra beds in the Cook Ranch Member were
probably derived from large caldera eruptions
in the Great Basin where the peak eruptive
period was ~34-28 Ma (Best et al., 1989; Larson
& Evanoff, 1998). Paleogene zircon ages from
the Cook Ranch Member appear to fall into two
age domains, one ~40-37 Ma and the other ~
34-30 Ma (Rothfuss et al., 2012). The older age
peak probably represents erosion of material
from the preceding volcanic period, the younger
peak represents material from Great Basin
caldera eruptions. Significantly, no older zircon
ages comparable to those in the Sage Creek
Formation were found in the Cook Ranch
Member, suggesting that these Eocene volcanic
terrains were no longer emergent.
Paleogene Sediments – Muddy Creek Basin
A comprehensive basin analysis of Muddy Creek
Basin was published by Janecke et al. (1999).
Features of the Janecke et al. (1999) paper
relevant to the examination of the question of
tectonic differences between Sage Creek and
Muddy Creek Basins is summarized in the next
section and then compared to the new results
obtained from Sage Creek Basin. Further details
on Muddy Creek Basin can be found in the

Janecke et al. (1999) paper and in the Master’s
thesis of Dunlap (1982).
Janecke et al. (1999) subdivided the
Muddy Creek stratigraphy into five
interfingering facies (A through E). These five
facies vary in proportion vertically and can be
divided into units based on the dominate
lithology (Janecke et al., 1999; Dunlap 1982).
These five facies fall into pre-rift (facies A & B)
and syn-rift (facies C-E) deposits. Volcanic rocks
of facies A & fluvial conglomerate of facies B,
are coeval with Challis volcanism and predate
movement on the Muddy Creek fault system.
The first widespread volcanic unit in the
Volcanic Member, a biotitic ashflow tuff, was
emplaced about 47.1 Ma based on two
40
Ar/39Ar age dates ( M’Gonigle & Dalrymple,
1996; Janecke et al., 1999) and the youngest
widespread volcanic unit yielded 40Ar/39Ar age
dates which cluster around 46.4 Ma (M’Gonigle
& Dalrymple, 1996).
Rift deposits (facies C – E) range in age
from middle Eocene to early Oligocene based
on vertebrate and invertebrate fauna, flora and
one 40Ar/39Ar age date (Janecke et al., 1999).
Near the base of facies C is a tephra layer which
gives an 40Ar/39Ar age determination of 45.17
+/- 0.22 Ma. Early Chadronian mammal fossils
occur near the top of the Muddy Creek lake
beds (facies D) which date them to about 37-35
Ma (Woodburne, 2004; Woodburne & Swisher,
1995; Dunlop, 1982). Invertebrate and plant
remains indicate a late Eocene to early
Oligocene age consistent with the results
obtained from mammal biostratigraphy (Becker,
1969; Dunlap, 1982). In summary, syntectonic
basin-fill deposits in Muddy Creek Basin range
from middle Eocene to late Eocene in age and
probably extend into the early Oligocene (46 to
<35 Ma). Therefore, sedimentation and
tectonism spanned a period of at least 10 Myr
(Janecke et al., 1999) and overlapped in age
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with most of the Paleogene deposits in the Sage
Creek Basin (Figure 10).
Criteria for syn-extensional sedimentation
Several lines of structural and sedimentological
evidence suggest that Muddy Creek Basin
underwent active extension during the
Paleogene (Dunlap, 1982; Janecke et al., 1999).
Except where otherwise noted, the following
analysis is based primarily on the work of
Janecke et al. (1999) and Dunlap (1982). Criteria
for syn-extensional deposition in the Paleogene
Muddy Creek Basin include:
1) Elements of the Paleogene Muddy
Creek normal fault system are exposed
along the eastern margin of Muddy
Creek Basin in several locations. This
fault system consists of three fault
segments separated by relay ramps.
2) Hangingwall structures (extensional
growth folds, relay ramp deformation)
demonstrably affected the lateral
distribution and thickness of Paleogene
sedimentary facies.
3) The thickness of the entire Paleogene
section (at least 2.5 km) requires a
consistent mechanism for generating
accommodation space operating over a
long period (at least 10 m.y.) of time.
4) Lack of basin-wide subaerial
unconformities implies that deposition
was relatively continuous.
Accommodation space was generated
consistently despite major fluctuations
in climate and volcanic input during the
Eocene to Oligocene timeframe.
5) Local angular unconformities showing
cross-cutting relationships occur along
structural relay ramps and hangingwall
folds. These unconformities grade
laterally into conformable stratigraphic

sections away from hangingwall
structures.
6) Provenance of coarse-grained facies is
predominately from the footwall with
most coarse clastic detritus ponded
within a 0.5 km strip parallel to the
eastern basin margin. Although coarse
grained material predominates in the
upper part of the section (facies E) it
occurs along the eastern margin of
Muddy Creek Basin throughout its
depositional history, interfingering with
finer-grained facies to the west.
7) The dominance of lacustrine/paludal
facies in the Rift Member, and the lack
of well-developed fluvial or deltaic
facies, suggests a largely closed basin
system and a sufficiently rapid rate of
accommodation space production to
keep up with lake sedimentation over a
period of several million years.
Comparison of Sedimentation Styles
The Paleogene sediments of the Sage Creek
Basin represent a significantly different suite of
lithologies and sedimentary depositional
environments compared to those of Muddy
Creek Basin, despite their close proximity and
similar age ranges. The most significant
differences include:

3)

4)

5)

6)
1) No normal fault traces of demonstrable
Paleogene ancestry are exposed in Sage
Creek Basin. Normal faults of Neogene
or younger age are present in the
greater Sage Creek area, but pre-middle
Miocene movement on these faults has
not been convincingly demonstrated.
2) Coarse clastic deposits in Sage Creek
Basin appear do not form linear bands
but rather appear to surround areas of
relict topography. The dominant
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sedimentary environment is that of the
alluvial fan. Thin carbonate/evaporate
layers in the middle Eocene Sage Creek
Formation appear to be pedogenic,
rather than lacustrine in origin. Thick
Paleogene lake deposits are unknown in
southwestern Montana east of the
Muddy Creek / Grasshopper normal
fault system.
Paleogene deposits are relatively thin
(0.5 -0.8 km) in the Sage Creek area and
appear to thicken toward the north
(Tabrum et al., 1998) in the direction of
contemporary volcanic highlands.
Paleocurrent directions also indicate
derivation primarily from local sources
to the north/ northeast.
The provenance of coarse clastic beds
suggests derivation from local sources
in the directly underlying Beaverhead
Conglomerate and from contemporary
volcanic deposits to the north.
Unambiguous exotic clasts are not
present.
No intrabasinal folding, faulting or
progressive angular unconformities of
Paleogene age appear to be present.
Rather, tilting of the entire Paleogene
section appears to be related to
Neogene and younger normal faulting.
Sediment deposition in Sage Creek
Basin was discontinuous during the
Paleogene. Sedimentation alternated
with periods of subaerial erosion which
were of long duration and basin-wide in
extent. Age dates on local volcanic
material suggest that these
disconformities were possibly related to
an increase in local volcanism and relief.
Large calcic pedogenic complexes also
mark many of these unconformities,

suggesting climatic influence in their
formation.
7) Angular relationships between
individual members of the Renova
Formation are not observed despite the
long periods of time separating them.
Despite their temporal and spatial proximity,
fundamental differences exist regarding the
nature and distribution of Paleogene sediments
between Muddy Creek and Sage Creek basins
suggesting that they were created by essentially
different basin forming mechanisms. It is
proposed here that the single most
fundamental difference is the presence or
absence of contemporaneous extensional
faulting - as dictated by differences in the
strength and structure of the underlying
lithosphere and related gravitational potential
energy distributions.
Cenozoic Evolution of Southwestern Montana
Multiple lines of geologic evidence and
geophysical inference support a consistent
interpretation of the transition from a
compressional to an extensional tectonic
regime in Cenozoic southwestern Montana. This
tectonic evolution appears to have undergone
three phases of development which are
correlated to structural changes in the
geophysical state of the lithosphere of
southwestern Montana. During the first stage
of development, which lasted from the end of
active compressional orogenesis in the latest
Cretaceous or Paleocene until the end of the
early Miocene, a thick intact section of Archean
Wyoming province lithosphere impeded the
development of extension in southwestern
Montana. This Archean buttress formed the
eastern and southern margin of the zone of
Paleogene extensional collapse which
preferentially reactivated thrust ramps in the
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weak, tectonically thickened Sevier fold and
thrust belt.
Gravitational potential energy
calculations indicate that Paleogene lithosphere
structurally similar to undisturbed portions of
the modern Wyoming province could have
supported paleoelevations equal to, or even
somewhat higher than, those observed at
present while still maintaining a state of
horizontal deviatoric compression. In fact,
paleoelevation estimates from early Oligocene
fossil floras indicate moderate to high (~2.0 to
2.5 km) elevations in southwestern Montana at
this time (Lielke et al., submitted). The
Paleogene Renova Formation represents the
sedimentary record of this geodynamic system
and was deposited in a tectonically quiescent,
but heterogeneous, system of subbasins
separated by erosional remnants of Cretaceous
orogenic and plutonic paleotopography and
Paleogene volcanic highlands (Rothfuss et al.,
2012). During this same timeframe, extensional
collapse of the Sevier fold and thrust belt to the
west led to lithospheric heating and
volatilization culminating in the Eocene Challis
volcanic province.
This state of affairs persisted until the
end of the early Miocene, the period which
corresponds to the major regional angular
unconformity between the Renova and Sixmile
Creek Formations. The interval 17-20 Ma was a
period of major tectonic reorganization in
western North America, including the initiation
of the Yellowstone hotspot, the outbreak of the
Columbia River and Steens Mountain flood
basalts, the beginning of Snake River Plain
volcanism, the emplacement of the Monument
and Chief Joseph dike swarms, and the
formation of the Oregon-Nevada lineament
(Hooper & Coney, 1989; Pierce & Morgan,
1992; Sears & Fritz, 1999; Sears & Thomas,
2007). It is proposed here that this period also

records the initial destabilization of the Archean
lithosphere of southwestern Montana.
Experimental and theoretical work on
mantle plume formation and transport indicate
that modern mantle plumes must reach a
diameter of 400-600 km in order to rise and, as
the mantle head flattens against the
lithosphere, can produce a thermal anomaly on
the order of 2000 km or more across (Condie,
2001). Numerical models indicate that
substantial thinning of the lithosphere can
occur in a few million years by the process of
thermo-mechanical erosion, the coupled
process of heating and weakening of the
lithosphere followed by its mechanical removal
by shear stresses associated with plume
spreading (Condie, 2001; Davies, 1994).
Convective instabilities, which form where the
ambient mantle viscosity is an order of
magnitude less than the plume viscosity, are
instrumental in the promotion of lithospheric
thinning (Moore et al., 1999). The cold, rigid
lithospheric mantle underlying southwestern
Montana would have provided a considerable
viscosity contrast with an impinging mantle
plume head - promoting thermomechanical
erosion of the base of the Archean lithosphere.
Although these calculations are based on the
assumption that the Yellowstone hotspot is due
to a deep-seated mantle plume, any thermal
anomaly of sufficient magnitude to create the
Columbia River flood basalt province would
have impacted southwestern Montana in a
similar fashion.
Removal of cold dense mantle
lithosphere and its replacement by warm
buoyant asthenosphere would have initiated
extension in southwestern Montana driven
entirely by gravitational potential energy
already stored in the crust. The high elevations
maintained by intact Wyoming province
lithosphere throughout the Paleogene could no
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longer be supported under the conditions
imposed by the emerging Neogene geodynamic
system. This initial phase of extensional basin
development resulted in the creation of
grabens with a general north to northeast trend
(Sears & Thomas, 2007; Sears & Fritz, 1999).
Reactivation of Cretaceous thrust ramps as
normal fault planes, for example in the northnortheast trending Hilgard and Snowcrest/
Greenhorn thrust systems (Tysdal, 1986;
Ruppel, 1993; Kellogg et al., 1996), beginning in
the middle Miocene is in accord with extension
driven by potential energy stored in the crust.
This first phase of extension is in effect a
delayed extensional collapse scenario triggered
by events related to the initial outbreak of the
Yellowstone hotspot but not, at this time,
directly influenced by it.
The second phase of extension in
southwestern Montana resulted in the creation
of a predominately northwest trending system
of normal faults which crosscuts the older north
and northeast striking grabens (Sears et al.,
1995; Sears & Fritz, 1999; Sears & Thomas,
2007). This system of still active extension is
oriented generally perpendicular to the
northeast directed track of the Yellowstone
hotspot suggesting a causal relationship. This
supposition is strengthened by the observed
extent of modern seismicity, which occurs
within two nested parabolic arcs with their apex
at Yellowstone (Anders & Sleep, 1992), and the
occurrence of older normal fault systems
perpendicular to the Snake River Plain hotspot
track (Pierce & Morgan, 1992; Smith & Braile,
1993). This second generation of extension is a
composite system, driven both by buoyancy
inherited from earlier orogeny and by buoyancy
imparted by the thermal affects of the
Yellowstone hot spot. The topography of
modern southwestern Montana is due both to
inherited paleoelevation and dynamic

topography caused by sub-lithosphere mantle
anisotropy.
Conclusions
Geologic field data and geodynamic constraints
both suggest that Paleogene southwestern
Montana developed without the involvement of
contemporary normal faulting. Models of
intermontane basin formation which assume
pre-middle Miocene extensional faulting are
not supported by the results of this study.
Moreover, sufficient geologic evidence exists to
infer that the Paleogene Renova Formation
accumulated in a region of semi-isolated subbasins separated by relict paleotopography and
contemporary volcanic highlands. Climatic
variations, differential erosion and periodic
blockage of stream drainage due to volcanic
activity likely caused changes in basin
connectivity over time. Paleoelevation, as
determined from fossil plant remains, was
relatively high (1.5-2.5 km) during the entire
period of Renova Formation deposition.
The location and timing of Cenozoic
normal faulting is consistent with internal body
forces (buoyancy) as the primary driving
mechanism for crustal extension. Cold, rigid
Archean craton underlying southwestern
Montana resisted extension throughout the
Paleogene and into the early Neogene but was
eventually undermined by a combination of
delamination of the lower mantle and thermal
weakening of the crust and upper mantle
triggered by the middle Miocene outbreak of
the Yellowstone hotspot. During the middle
Miocene, the forces opposing extension were
no longer of sufficient magnitude to support
high elevations and thick crustal roots or to
prevent the switch to an extensional tectonic
regime. Sufficient differences exist in the
historical development of southwestern
Montana to consider it as a separate
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geodynamic province distinct from the northern
Basin and Range province to the south of the
Snake River Plain and from the areas of
Paleogene extensional collapse to the west and
north.
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Derivation of Potential Energy Equation
The following equation governs the relationship between potential energy differences (∆PE) between an
idealized lithospheric column and a reference column in isostatic balance with each other, (Jones et al.,
1998; Sonder & Jones, 1999):
L

L

∆PE = ∫H0 ρa gzdz - ∫-ϵ ρ(z)gzdz
1

1

where ρ(z) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 𝜌l

= g ρa ( 2 𝑧 2 |𝐿Ho ) − 𝑔 𝜌l ( 2 𝑧 2 |𝐿-ϵ )
𝑔

= 2 � 𝜌𝑎 (𝐿2 − Ho2 � − 𝜌𝑙 (𝐿2 − (-ϵ)2 )]

=

𝑔

=
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2

[ 𝜌𝑎 𝐿2 − 𝜌𝑎 Ho2 − 𝜌𝑙 𝐿2 + 𝜌𝑙 (-ϵ)2]
[ 𝜌𝑎 𝐿2 − 𝜌𝑙 𝐿2 − 𝜌𝑎 Ho2 + 𝜌𝑙 ϵ2 ]

since (-ϵ)2 = ϵ2

The final result is:

∆PE =

𝒈
𝟐

[ (𝑳𝟐 ( 𝝆𝒂 − 𝝆𝒍 ) + 𝝆𝒍 ϵ𝟐 ) − 𝝆𝒂 𝐇𝐨𝟐]
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In this study ρ(z) = 𝜌l = ( 𝜌c ( Lc ) + 𝜌m ( Lm ))
zc
L

= percent of lithosphere which is crust &

zm
L

where
= percent of lithosphere which is mantle

and 𝜌c = average crustal density & 𝜌m = average lithosperic mantle density
In effect,

∆PE = ((buoyancy of lithosphere below sea level + buoyancy of lithosphere above sea level) – buoyancy of reference column)

Which, if positive, represents a state of tension and, if negative, a state of compression of the
lithosphere relative to the reference column (in this case the asthenospheric geoid).
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Introduction
The initiation and early evolution of the
intermontane basins of southwestern Montana
is a subject of considerable controversy.
Particularly disputed issues include: 1) the
timing of the initiation of the intermontane
basins, 2) the mechanisms responsible for the
formation of accommodation space for
sediment accumulation – in particular the
importance of active normal faulting relative to
erosional incision, 3) the existence of Paleogene
paleotopography and its influence on the
nature of basin sedimentation, 4) temporal
changes in basin tectonics, climate and
volcanism and their influence on sedimentary
depositional environments and accommodation
space, and 5) the relationship of intermontane
basins to the underlying geology and the
influence of earlier events, such as late
Cretaceous orogeny and igneous intrusion, on
Cenozoic basin evolution.
Previously proposed models for
Cenozoic basin formation fall into a few distinct
categories: 1) models which assume that
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modern basins had a direct Paleogene ancestor
and that active normal faulting was an
important, probably dominant, factor in the
evolution of intermontane basins and the
formation of accommodation space (Fields et
al., 1985; Hanneman, 1989, 1991; Tysdal, 1993),
2) models which propose a two-phase
development of intermontane basins. In the
first phase, an initially a largely featureless,
tectonically inactive Paleogene volcanic plateau
was situated between surrounding volcanic
highlands (Challis-Absaroka-Lowland Creek
volcanic centers). During the second phase this
low-relief plateau was dissected, first by a
major middle Miocene tectonic event, which
formed a regional angular unconformity and
NE-trending half-grabens, and later by NWtrending half grabens related to uplift along the
flanks of the Yellowstone hotspot (Sears et al.,
1995) and 3) Models similar to the second class,
but which recognize distinct sub-basins related
to late Cretaceous orogenic and igneous
features within a larger Paleogene basin
system. In this model, differential erosion,

climate change, volcanic flows and drainage
disruption were major influences on the basin
evolution of a complex but tectonically inactive,
Paleogene basin (Rothfuss et al., 2011; Lielke
2010; Rothfuss, 2010).
The purpose of this field trip is to
examine several localities relevant to the
interpretation of early Cenozoic basin evolution.
Preferred interpretations, which reflect the
opinions of the authors, will be offered in the
hope that they will clarify the issues involved
and evidence required to test them and
provoke discussion of possible alternatives
while encouraging further research.

Itinerary and Methodology
This field trip will start at Dillon, MT and travel
over the mostly unpaved Sweetwater and Ruby
roads to the Ruby Reservoir in the Upper Ruby
River Valley. Most stops will be along the main
road; however, the field trip will venture of the
main road in the Timber Hill area to visit several
key outcrops (Figure 1). The stops on this road
log can all be viewed from a vehicle, but several
stops also include optional walking trips to
observe Paleogene outcrops firsthand. All road
and walking stops have been located in the field
with a handheld GPS and these coordinates (in
UTM units) are provided in Appendix 1 as an aid
to navigation.

Road Log – Dillon to Ruby Reservoir
Meet at a convenient location in Dillon. Proceed
to Beaverhead County High School just past the
intersection of Helena and Atlantic Streets and
drive east on Thompson Ave. Proceed four
blocks, then turn left on Oliver Lane. Take first
right onto Sweetwater Road and drive east
toward Ruby Range. Road log proper will start
at over view of Timber Hill locality. Cenozoic
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geology along Sweetwater Road to southern
Ruby Range mostly involves Neogene to recent
normal faulting and related sedimentation
(sears et al., 1995); however, at some points
remnants of an Archean basement
unconformity surface can be seen. This surface
appears to continue to the east, where it will be
observed underlying Paleogene Renova
Formation sediments. North of the Sweetwater
road near Sweetwater Pass, an Eocene basalt
lava flow (K/Ar - 41.5 +/- 0.9 Ma) directly
overlies this erosion surface (Fritz et al., 2007).
Approximately 10 miles SE of Sweetwater Pass,
the road abruptly bends toward the north and
descends a steep hill. The road log proper
begins just before this steep descent.
Mileage
0.0

Stop #1 – Overview of Timber Hill
locality (Figure 2). Turn out to the left
where jeep track intersects main road.
This locality provides a good overview
of the Timber Hill area. Sweetwater
Creek has cut a narrow canyon through
which the main road passes. The postMiddle Miocene history of this area is
dominated by the interplay between a
NE-trending Neogene paleovalley,
which parallels the Cretaceous
Snowcrest/Greenhorn thrust system,
and a younger system of NW-trending
normal faults related to deformation
along the flanks of the Yellowstone
hotspot. For a more comprehensive
discussion of the late Cenozoic history
and stratigraphy of this area refer to
Sears et al. (1995) - stop #5 of this
earlier road log corresponds to the
current locality.
The present field trip will examine
the early Cenozoic geologic record of
the Timber Hill area. Local stratigraphy
consists of Archean basement, middle
Eocene lower Dillon volcanics, a basal
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conglomerate unit informally referred
to here as the Spring Brook
conglomerate, the Climbing Arrow,
Dunbar Creek and Passamari Members
of the late Eocene to early Miocene
Renova Formation and the Neogene
Sixmile Creek Formation. The Timber
Hill area presents several features of
interest relevant to the early Paleogene
history of southwestern Montana. In
particular, questions concerning the
existence of Paleogene
paleotopography and the nature of
basal Renova sediments and their
relationship to Archean basement and
Eocene volcanic, will be examined.

tuff. These ages, and their close
correlation to known caldera eruptions
in the Heise volcanic field, suggest that
multiple basalt flows are likely present
in this area and that these flows are
genetically related to Yellowstone hot
spot volcanism.
1.2

Stop #2 – Virginia Springs gulch. Stop at
turnout along right shoulder of road
(Figure 3). To the south of the road,
Virginia Springs gulch is cut through
sediments of the Sixmile Creek
Formation. A gentle dip slope of ~6 Ma
Timber Hill basalt caps the flat-topped
hills to the southwest. The Sweetwater
normal fault offsets the Timber Hill
basalt flow, which is also bisected by
the canyon cut by Sweetwater Creek.
Field trip will eventually proceed up this
gulch. To the north of the road is a cliff
outcrop of Archean basement buried by
Sixmile sediments and later exposed
the down-cutting of Sweetwater Creek.
This Archean knob represents
Paleogene paleotopography related to
the erosion surface exposed along
Sweetwater Pass to the west. This
Archean outcrop can be visited
provided that caution is exercised while
crossing the road. When finished,
return to vehicles and continue east
along main road.

1.5

Fries Place old ranch buildings.

1.7

Intersection with Spring Brook road.
Turn to right and take Spring Brook
road past gates and corrals. You may
need to open and close gates when
area is being used for grazing.

2.2

Road forks – take right (west) fork. Note
small forested hill to right front. This hill
is composed of Spring Gulch
conglomerate - an informal unit at the
base of the Paleogene sedimentary
section. To the northeast, Archean

Proceed downhill towards ranch
buildings.

0.1

Grey outcrop forming low scarp to the
left is a terrestrial hotspring/lacustrine
limestone deposit (Ripley, 1995).

0.3

Ranch buildings to left at base of hill.
Cross Sweetwater Creek at bridge.

0.7

Archean outcrops are present along
road. Archean basement here is
overlain by the Big Hole Member of the
Neogene Sixmile Creek Formation.
Whole rock K/Ar age dates, ranging
from 4.2 +/- 0.2 to 6.3 +/- 0.2 Ma, have
been reported from basalt flows within
the Sixmile Creek Formation above the
road (Fritz et al., 2007; Marvin et al.,
1974). These lava flows are likely
related to explosive caldera volcanism
in the Heise volcanic field of eastern
Idaho which produced voluminous felsic
tuffs in addition to lesser amounts of
basalt. Specifically, these basalt flows
closely correspond in age to the ~ 4.3
Ma Kilgore tuff and the 6.3 to 6.5 Ma
Walcott tuff. Basalt flows further south
near Timber Hill may correspond to the
eruption of the ~ 6.0 Ma Conant Creek
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Figure 3 – Overview of Timber Hill area looking south. Numbers are road
stops. Tb = Timber Hill Basalt (~ 6 Ma).
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predates the emplacement of lower
Dillon volcanic rocks. If this age
assessment is correct, then this high
energy alluvial fan indicates the
presence of significant relief in the
southern Ruby Range during early
Paleogene time. The early Miocene
playa lake beds of the Passamari
Member directly onlap Eocene
volcanics at the head of Spring Gulch,
implying the dominance of subaerial
erosion or non-deposition prior to this
time.
Similar basal conglomerates,
dominated by local bedrock lithologies
and lacking younger sedimentary clasts,
have also been described from the
southern Tobacco Root Mountains to
the east (Lielke, 2008) and the north
Boulder basin to the north (Rothfuss et
al., 2011; Rothfuss et al., 2008).
Moreover, recent provenance studies,
employing both detrital zircon and
traditional methods, suggest the
presence of relict paleotopography
during deposition of the Renova
Formation (Rothfuss et al., 2011; Lielke,
2010; Rothfuss, 2010).

basement is present at the base of the
deep canyon cut by Sweetwater Creek
(Figure 4). Overlying rocks which form
prominent cliffs above the Archean,
along with the conical hill on the
skyline, are middle Eocene lower Dillon
volcanic rocks. At base of hill directly to
the west are lacustrine shales and limy
mudstones belonging to the Passamari
Member of the Renova Formation.
Passamari playa lake beds onlap the
Eocene volcanics to the northeast.
Overlying the Renova are sediments of
the Neogene Sixmile Creek Formation.
Cross-bedded tephras of the Anderson
Ranch Member form the prominent
white bluffs about halfway up the hill.
Well-rounded fluvial conglomerate of
the Big Hole Member overlies these
tephras and forms the mostly barren
hill tops.
2.4
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Stop #3 – Spring Gulch Conglomerate.
Stop along fence line and proceed on
foot toward bluffs near top of small hill.
This unit is composed predominately of
crudely cross-bedded to horizontally
bedded coarse sandstone and
conglomerate. Individual clasts are
almost exclusively composed of angular
to sub-rounded cobbles of Archean
felsic gneiss in a matrix of weathered
Archean material. Crossbeds and
imbricated cobbles indicate flow from
the north/northwest (N09W). This unit
is interpreted to be the proximal
portion of an alluvial fan sourced in the
Archean rocks of the southern Ruby
Range.
The age of the deposit is uncertain,
but based on its stratigraphic position
and clast provenance it appears to be at
least middle Eocene in age. A lack of
exotic cobbles and re-worked Renova
mudstone differentiates this unit from
typical Sixmile Creek conglomerates. No
obvious Eocene volcanic lithologies are
present, suggesting that this unit

2.7

Return to vehicles and continue along
road over hill towards Virginia Springs
gulch. Proceed through gate. Road cuts
up section through Neogene Sixmile
Creek Formation.

3.0

Driving through white cross-bedded
tephra deposits of the Anderson Ranch
Member of the Sixmile Creek
Formation. Generally treeless hills
above Anderson Ranch are composed
of well-rounded fluvial conglomerates
of the Big Hole Member of the Sixmile
Creek Formation.
Proceed through gate and downhill into
Virginia Springs Gulch. Small rounded
hill to right across fence line is
composed of Big Hole conglomerate.
Flat topped hills on skyline are held up

3.2

Figure 4 – Spring Gulch looking northeast. A = Archean, Tv = Eocene
volcanics, Trp = Renova -Passamari Member, Tsa = Sixmile CreekAnderson Ranch Member, Tsb = Sixmile Creek -Bighole Member, Qal =
Quaternary Alluvium
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by ~6.0 Ma Timber Hill basalt flow. This
flow, sourced in Idaho, travelled down a
long-lived NE- trending paleovalley and
was later cut and tilted by a series of
NW-trending, down to the east normal
faults (Sears et al., 1995). Sweetwater
Creek follows one of these later
grabens which crosscut the Miocene
Ruby paleovalley (Sears et al., 1995).
4.0

Along the left side of the road are
impressive cliff exposures of the
Anderson Ranch Member of the Sixmile
Creek Formation. Whole rock K/Ar age
dates on rhyolite tuff from this locality
range from 16.7 +/- 0.3 Ma at the base
of the section to 10.2 +/- 0.4 Ma in the
upper cliff exposures (Fritz et al., 2007).
These age dates would bracket eruptive
activity from the 15-16 Ma McDermitt
volcanic field in southeastern Oregon to
the ~10 Ma Picabo volcanic field in eastcentral Idaho. In particular, the ~10.2
Ma age date corresponds closely to the
Blackfoot Caldera eruption that
deposited the widespread Arbon Valley
tuff (10.34 +/- 0.01 Ma at Arbon Valley,
ID; 10.41 +/- 0.02 at Grand Valley, ID;
10.3 +/- 0.6 Ma at Jackson Hole, WY –
dates from Anders et al., 2009). The
older age date suggests that deposition
in the Ruby paleovalley probably began
during, or immediately after, the
Middle Miocene tectonic event. The
Anderson Ranch Member varies greatly
in thickness depending on its original
position in the Miocene Ruby
paleovalley.

4.2

Short side road to right leads to old
ranch building along Virginia Springs
Creek. Continue along main road.
Rounded cobble hills along right side of
road are Big Hole Member of Sixmile
Creek Formation in hanging wall of
Sweetwater normal fault. Sixmile
sediments are in fault contact with
Archean basement and Renova
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sediments in the footwall of the
Sweetwater fault. Prominent cliff along
west side of hill (benchmark 6607 ft),
which can be seen in the distance, is
composed of Archean basement.
Sweetwater fault offsets Timber Hill
basalt on skyline to the west.
4.5

Stop #4 – Buttress unconformity. Stop
along main road where white Renova
Formation sediments can be seen past
Big Hole conglomerate outcrops along
the west side of road (Figure 5).
Proceed on foot to Renova Formation
outcrops. Sweetwater fault separates
Neogene Big Hole conglomerate in
down-dropped hanging wall from
Paleogene Renova Formation in uplifted
footwall. The Renova Formation
passively onlaps the Archean basement,
which can be seen in cliff outcrop
immediately to the west of this
location. These relations provide
further evidence that during the early
Paleogene, the Timber Hill area was an
area of positive relief gradually buried
by the encroaching Renova Formation.
In the Timber Hill area, there is no
evidence of fault movement between
the Renova Formation and any of the
older rocks it overlies - therefore this
contact probably represents a buttress
unconformity. Renova sediments
slowly buried an Eocene, or older,
erosion surface whose original
topography is gradually being revealed
by modern erosion and normal faulting.
On the hill to the east of the road, a
rhyolite shard in the Renova Formation
yielded a K/Ar age date of 39.2 +/- 3.0
Ma providing a maximum age date for
the Renova at this location (Fritz et al.,
2007). Renova sediments onlapping
basement here may be older than at
the entrance to Spring Brook, where the
early Miocene Passamari Member
onlaps Eocene volcanics. Return to
vehicles and continue along main road.

Figure 5 – Buttress unconformity at Virginia Springs looking southwest.
Renova sediments onlap Archean basement. Archean hill represent s
Eocene topography exposed by modern erosion of Renova sediments.
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5.0

Road forks – take right (west) fork and
proceed toward Virginia Springs.

6.3

Stop #5. Virginia Springs overlook. Stop
along turnout just before road heads
down hill toward Virginia Springs, the
green marshy area along the base of
Timber Hill. Walk to top of small hill for
overview of area (Figure 6). The flat
topped, forested hill to the west is
Timber Hill topped by the Timber Hill
basalt flow. A whole rock K/Ar age date
of 5.9 +/- 0.2 Ma was obtained from the
basalt flow near the steep north edge of
Timber Hill (Fritz et al., 2007). This age
closely corresponds to the reported
K/Ar age of 5.99 +/- 0.06 Ma for the
Conant Creek tuff of the Heise volcanic
field (Morgan, 1992; Anders et al.,
2009) suggesting a possible genetic
relationship. Immediately to the north,
Archean basement is exposed in cliff
outcrops directly to the east of Virginia
Springs Creek. Rolling topography
between here and this hill is Renova
Formation onlapping exhumed
Paleogene topography developed on
the Archean basement. About a mile to
the south, a K/Ar date of 19.2 +/- 0.4
Ma was obtained from a rhyolite tuff
near the top of the exposed Renova
section at an elevation about 500 ft
higher than the current locality (Fritz et
al., 2007). This gives a rough estimate of
the amount of Renova sediment
removed by recent erosion. The
Sweetwater fault cuts across hill to the
northeast near location of Stop #4.
Smaller hill to the south is also buried
Archean basement which will be visited
at next stop. On the skyline to the north
and east are Sixmile Creek outcrops,
including prominent white tephras of
the Anderson Ranch Member, in the
hanging wall of the Sweetwater normal
fault.
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Proceed downhill toward Virginia
Springs. Caution – the road beyond this
point is narrow and of poor quality
especially when wet. You may wish to
skip, or visit on foot, weathered
Archean gneiss at mileage marker 6.8.
An alternative route to Stop #6 is to
return to the fork in the road at mileage
marker 5.0 and take left fork of road.
6.6

Road forks past creek crossing. Take left
fork and proceed through tall sagebrush
towards exposed outcrops of Archean
on small hill directly to east.

6.8

Weathered felsic gneiss is exposed
along the road at this location. This
small basement spur is another
example of relict paleotopography
slowly being exposed as modern
erosion strips away overlying Renova
sediments. Since this outcrop has been
uncovered relatively recently, the high
degree of weathering likely reflects
Paleogene subaerial exposure and
provides further evidence of an
extensive area of pre-Renova relief in
the southern Ruby Range. Proceed
uphill to the intersection with the main
road.

7.0

Across fence line, bluffs on skyline are
composed of a relatively complete
section of Sixmile Creek Formation in
hanging hall of Sweetwater normal
fault.

7.3

Stop #6 – Overview of Timber Hill area.
From the top of this hill, the gross
structure of the Timber Hill area can be
easily seen. The main structural
element is the NW-trending
Sweetwater normal fault which tilts
Timber Hill southwest and uplifts it
relative to the neighboring lower
elevation, flat-topped hill to the
northeast. Both of these hills are
capped by the ~6.0 Ma Timber Hill

Figure 6 – Buttress unconformity looking north. Sixmile Creek sediments
(Ts) and Timber Hill basalt formerly covered Renova (Tr) and Archean
rocks in axis of Miocene Ruby paleovalley.
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basalt flow which serves as a useful
regional datum (Sears & Thomas, 2007;
Sears et al., 1995). Other remnants of
this flow can be seen offset and tilted
by related NW-trending normal faults
towards the south in the direction of
the Blacktail Deer Creek drainage (Sears
et al., 1995). The Sweetwater fault cuts
the eastern edge of Hill 6607 and
obliquely crosses the main road roughly
following the line of low hills to the east
of the road. The higher hills in the
background, within the down-dropped
hanging wall of the fault, are composed
of Sixmile Creek Formation. The white
cliff forming Anderson Ranch Member
is a useful visual cue which broadly
outlines the hanging wall area of the
fault. In the footwall of the Sweetwater
fault, Renova Formation sediments
form the low rolling topography in the
immediate foreground. Recently
exhumed Archean basement remnants
poke through this thin veneer of
Paleogene sediments. Sixmile Creek
Formation overlies the Renova and
forms the bulk of Timber Hill, capped by
the Timber Hill basalt flow.

sets which may have localized
hydrothermal fluids.
12.0

Archean felsic gneiss is exposed in road
cuts. Archean basement is overlain by
Eocene volcanic rocks and the Big Hole
Member of the Sixmile Creek
Formation. Sweetwater Creek is likely
controlled by the same NW-trending
normal fault system which offsets the
Timber Hill basalt flow over most of its
area of exposure (Sears et al., 1995).
From an original Miocene or Pliocene
fluvial/alluvial surface, Sweetwater
Creek has incised into crystalline
Eocene volcanic and Archean
metamorphic rocks resulting in this
narrow canyon.

12.7

Stop #7 – Eocene Dillon volcanics
overview. Turn out at the wide shoulder
on the left of the road adjacent to
Sweetwater Creek. On the south side of
the road, a barren cone-shaped hill of
Eocene volcanic rock forms a prominent
landmark - the hill variously known as
Cone Hill or the Anthill. To the north of
the road, a continuation of these
Eocene volcanic rocks forms the
prominent cliff above the bend of the
road. In the swale directly to the north,
Renova sediments can be seen
onlapping the volcanic rocks. These
sediments belong to the late Eocene
Climbing Arrow Member of the Renova
Formation (Monroe, 1976). This area
will be visited at the next stop. Proceed
east along the Sweetwater road.

12.9

Round corner. Silicified cliffs of Eocene
volcanics to the left are separated from
the bulk of Cone Hill by incision of
Sweetwater Creek.

13.1

Stop #8 – Park at BLM sign just before
road crosses cattleguard and fence line.
Proceed west on foot following fence
line along northern side of hill of

Return to vehicles and follow main road
north back to the intersection of Spring
Brook road with the Sweetwater Road
(mileage marker 1.7).
11.2

11.5
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Turn right onto Sweetwater Road at
junction with Spring Gulch road. Drive
through narrow canyon cut by
Sweetwater Creek. Sweetwater Creek is
likely a superposed stream which cut
downward from a Sixmile topographic
surface until it incised buried basement.
Cliffs on both sides of road are
composed of highly silicified Eocene
volcanic rocks. Alteration of original
volcanic material was likely
hydrothermal in origin. Note fracture

Eocene volcanics. Caution should be
taken crossing creek bed especially
during periods of wet weather. Walk to
swale on northwest side of hill. At this
location, approximately horizontal
sediments of the Climbing Arrow
Member of the Renova Formation
onlap middle Eocene volcanic and
volcaniclastic sedimentary rocks (Figure
7). Looking to the north, Climbing
Arrow sediments also underlie the
bluffs which stretch into the distance
roughly paralleling the main road.
These sediments contain a late Eocene
(early Chadronian NALMA) fossil
mammal fauna (Monroe, 1976). These
relations suggest that initial Renova
deposition in this area filled
topographic depressions in an erosional
terrain developed on the middle Eocene
volcanic rocks. No evidence of faulting
is apparent. Volcanics and related
sediments have been silicified to a high
degree probably by hydrothermal fluids
during, or soon after, emplacement of
the volcanic rocks. On the west side of
the swale is a low ridge formed by
white, trough cross-bedded, fluvial
sandstone. A similar sandstone bed,
across the Sweetwater road from this
location, was previously interpreted as
having been deposited on a relatively
featureless volcanic plateau (Thomas,
1995; Sears et al., 1995). More recent
studies, which include sandstone
detrital zircon analysis, suggest Renova
deposition occurred in distinct subbasins separated by relict
paleotopography which included an
ancestral Ruby Range (Rothfuss et al.,
2011; Lielke, 2010; Rothfuss, 2010).
Neither of these models invokes active
normal faulting during deposition of the
Renova Formation - this in contrast to
earlier models proposed for Renova
deposition (Pardee, 1950; Kuenzi and
Fields, 1966; Fields et al., 1985;
Hanneman 1989; 1991).
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Return to vehicles and proceed north
along Sweetwater road. Warning:
beyond this point localities off the main
road are on private ranch land. Respect
private property and do not visit any
sites off the main road without
obtaining landowner permission in
advance. All field trip stops beyond this
point are road stops.
16.0

Note flat-topped mesa of Renova
sediments to west.

16.9

Stop #9 - Gravel pit. Stop at gravel pit in
modern alluvium on left side of road.
From this vantage point, the
relationships between the Renova
Formation and overlying and underlying
units can be seen to advantage.
Sediments of the upper Eocene
(Chadronian) Climbing Arrow Member
of the Renova form the low line of
bluffs to the west. These Renova
sediments occur in the footwall of the
NW-trending Stone Creek fault whose
surface trace is expressed by a change
in topography between weak Renova
mudstones and resistant coarse clastic
Sixmile Creek sediments. In the hanging
wall of the of the Stone Creek fault,
Sixmile sediments form the resistant
upper bluffs underlain by the lightcolored calcareous playa lake beds of
the early Miocene (Arikareean)
Passamari Member of the Renova
Formation.
On the skyline overlooking the
Sage Creek drainage to the north, is a
prominent cliff of Sixmile Creek
Formation overlying the type section of
the Passamari Member of the Renova
Formation. The angular unconformity
between the Renova and the Sixmile
Creek Formations is well-exposed here.
This angular relationship developed
during the widely recognized middle
Miocene tectonic event which formed

Figure 7 – Renova Climbing Arrow sediments (Trc) onlapping Eocene
volcanics (Tv) at Cone Hill (the Anthill) looking south. Highly crossbedded
fluvial sandstone to right.
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the NE-trending Ruby paleovalley (Sears
et al., 1995). This paleovalley likely
formed by extensional collapse of the
Snowcrest/Greenhorn thrust – tilting
the Renova towards the southeast.
Sixmile Creek Formation sediments and
volcanic material later filled the halfgraben formed by this tilted fault block.
The NW-trending Stone Creek fault is a
younger feature probably related to
crustal realignments caused by passage
of the Yellowstone hotspot (Sears et al.,
1995; Anders & Sleep, 1999).
Late Eocene Climbing Arrow
Member sediments represent a lowenergy fluvial environment – with a few
mature cross-bedded sandstones
encased in an apron of fine-grained
overbank sediments which show
variable degrees of paleosol
development. Closer to the Ruby Range,
alluvial fans and high energy, coarsegrained fluvial sandstones and
conglomerates indicate the presence of
relief in the area of the modern Ruby
Range. Our preferred interpretation is
that Renova sediments passively
onlapped this ancestral Ruby Range
although this relationship is generally
obscured by younger sediments and
faulting. Detrital zircon age dates from
Renova sandstone on the western side
of the Ruby Range also suggest the
presence of relict Paleogene
paleotopography in the area of the
modern Ruby Range (Rothfuss et al.,
2011; Rothfuss et al., 2010).
17.8

Crossing cattle guard. Ranch buildings
to left. Low hills beyond irrigated fields
are Passamari Member lake beds.

19.5

Stop #10 – Caldwell Springs. Stop along
edge of road opposite steep bluffs on
left side of road just past irrigated
fields. The bluffs to the west expose a
rare coarse clastic lake margin facies in
the Miocene Passamari Member
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(Monroe, 1976, 1981). The early
Miocene (Arikarrean) Passamari
Member of the Renova Formation
represents a radically different
sedimentary depositional environment
compared to earlier Renova sediments.
Following a trend towards a cooler,
drier and more seasonal climate regime
(Lielke et al., in press), a closed basin
containing a playa lake developed by
the late Oligocene or early Miocene
(Monroe, 1976 & 1981; Ripley, 1995)
flanking the ancestral Ruby Range.
Drainage into this lake was radial with
coarse clastic fluvial/deltaic facies
interfingering with mixed lake margin
and open lake carbonate facies
(Monroe 1976 & 1981).
At this locality, a coarse
siliciclastic delta sequence prograded
into an open water carbonate
environment. Coarse sandstone and
conglomerate (which can be identified
by their darker color and resistant
topography) compose most of the
northern part of the bluffs. Fine-grained
chalky lacustrine limestone forms the
white, less resistant southern part of
this bluff line. Spectacular soft sediment
deformation can be seen where the
weight of the prograding delta
contorted the underlying lake beds
(Figure 8). This suggests that the lake
deposits were still unconsolidated, soft
and water-saturated when deformed.
Overlying the delta deposits, across the
top of the bluffs, is an undeformed
open lake carbonate bed of
considerable lateral extent. This bed
can be traced to the north and west and
represents a major expansion of the
lake. These stratigraphic relations,
similar to those observed at other
Passamari outcrops, suggest that lake
level fluctuations were common during
the lifecycle of Lake Passamari. Monroe
(1981) concluded that tectonic
adjustments likely influenced changes

Figure 8 – Soft sediment deformation in Miocene lacustrine limestone of
the Passamari Member of the Renova Formation. Prograding delta
sandstone deformed unconsolidated offshore lake carbonates during a
lake lowstand.
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convincing evidence for active
tectonism is not apparent in the
Paleogene Renova Formation – this
relationship appears to be one of
passive onlap. Active faulting may have
started later, during the Neogene, but
the simple presence of Cenozoic
sediments against Archean basement is
not sufficient evidence to deduce a
fault relationship. This could be a
buttress unconformity similar to those
seen in the Timber Hill area only on a
larger scale. Minor Neogene normal
faulting may have accommodated
extension in a half-graben controlled by
the dominant Snowcrest/Greenhorn
normal fault system to the east.
Northwest trending Neogene
extensional faults, such as the Stone
Creek fault, cut through the entire Ruby
Valley including the Archean core of the
Ruby Range.

in lake level; however, a lack of direct
evidence for contemporary seismicity
or faulting suggests the possibility of
climate induced lake fluctuations. Playa
lakes are known to be highly
susceptible to even minor variations in
climate – especially precipitation.
19.8

To the left on north side of Sage Creek
drainage is normal fault contact
between white Passamari lake
sediments to the left and Sixmile Creek
conglomerates on the right.

20.1

Buildings to left (Ball Place) are
surrounded by cliffs of Sixmile Creek
conglomerate – most likely the basal
Sweetwater Member.

20.3

Note change in attitude of Sixmile Creek
beds in cliffs to left. Crossing the Ball
Place normal fault, which separates the
older Sweetwater Member from
younger Big Hole Member
conglomerates (Monroe, 1976).

21.4

Crossing bridge over Ruby River.

21.9

Junction with Ruby Road. Take left fork
and proceed north toward Ruby
Reservoir. Cliff outcrops which will be
observed along both sides of road to
reservoir are Sixmile Creek Formation.
Light colored Renova outcrops can be
seen further to the west. Cenozoic
sediments are oldest along the Ruby
Range front and generally decrease in
age toward the east. The entire
Cenozoic section appears to be tilted
southeast into the normal fault along
the Greenhorn Range front. This fault
likely became active during the middle
Miocene tectonic event and formed the
Neogene Ruby paleovalley (Sears et al.,
1995).
A major normal fault has
historically been mapped along the
Ruby Range front as well; however,
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22.6

Prominent cliffs of the Sweetwater
Member of the Sixmile Creek Formation
crop out along this section of road.
Note calcic paleosol layers which
separate distinct conglomerate units.

24.2

Gravel road ends and pavement begins.

24.3

Stop #11 – Overview of Fossil Basin
area. Cottonwood Creek road intersects
Ruby road to left. Turn off at a
convenient point at this juncture. To
the northwest, to the right of
Cottonwood Creek road is the Fossil
Basin locality – a drainage basin without
a modern perennial stream developed
in the eastern foothills of the Ruby
Range. The stratigraphy of the Fossil
Basin area consists of upper Climbing
Arrow and lower Dunbar Creek
sediments overlain unconformably by
the Big Hole Member of the Sixmile
Creek Formation (Figure 9). This area is
important to the study of the evolution
of Paleogene climate and vegetation
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Figure 9 – Fossil Basin area looking north. Oligocene Dunbar Creek fluvial
sandstone conformably overlies late Eocene/early Oligocene Climbing
Arrow lake shales which host the Ruby paleoflora. Bighole Member of
Sixmile Creek Formation overlies Renova Formation with angular
unconformity. Note red limestone conglomerate on skyline to right.

since it contains multiple fossil plant
deposits at different stratigraphic
positions across the Eocene/Oligocene
boundary (Becker, 1960, 1961, 1972 &
1973; Lielke et al., in press).
Revisions in the age of closely
related fossil floras and changes to the
NALMA time scale have refined the
dating of the Fossil Basin paleofloras to
the late Eocene/early Oligocene and
refute their prior assignment to the
early Miocene Passamari Member of
the Renova Formation. Paleoclimate
calculations, based on leaf morphology
and nearest living modern analogs,
indicate a cooling and drying trend
across the Eocene/Oligocene transition
with increased seasonality and summer
dry conditions being the most
important climate trends (Lielke et al.,
in press). Subtropical and warm
temperate species were replaced by
cool temperate forms of more modern
aspect. A dry-adapted (xeric) element
also became pronounced during the
early Oligocene (Becker, 1961). The
presence of high altitude coniferous
genera (Abies [fir], Picea [Spruce], Pinus
and Pseudotsuga [douglas fir])
preserved in lake deposits are
independent evidence of high elevation
Paleogene paleotopography.
27.0
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Stop #12 - Ruby Reservoir Overview.
Turn left into Ruby Reservoir
campground and park at the top of the
hill. From this vantage point, several
features of interest are visible. The
Cenozoic sedimentary section is tilted
east/southeast toward the Greenhorn
Range. Because of this tilting, the
Cenozoic sediments are oldest in the
west, along the Ruby Range front, and
become progressively younger toward
the east. These basin fill sediments
overlie an older Paleogene erosion
surface developed on Archean,
Paleozoic and Paleogene age rocks.

Looking east, Sixmile Creek coarse
clastic sediments occupy most of the
area between the Ruby road and the
Greenhorn Range. To the north, just to
the right of the Ruby Dam is a
prominent mountain composed of
Archean basement intruded by an
Eocene volcanic plug. Archean rocks
tend to be more heavily vegetated than
the higher elevation volcanic rocks.
Archean and Paleozoic
basement rocks comprise the high
ground to the west of the dam. These
basement rocks are onlapped by
Renova sedimentary rocks. In the spring
Creek area, directly south of the
basement exposures, early Chadronian
NALMA fossils have been found in
sediments deposited in alluvial and
fluvial environments sourced from an
ancestral Ruby Range. Overlying Renova
sediments are rounded clast
conglomerates of the Big Hole Member
of the Sixmile Creek Formation and an
enigmatic terrestrial limestone of
apparent hotspring/lake provenance.
Tumbled blocks of these terrestrial
carbonates can be seen along the
western shore of the reservoir and are
found still in place further to the west
where they cap the Renova sediments
and are overlain in turn by Sixmile
Creek gravels (Figure 10). Similar
terrestrial carbonates occur at Table
Mountain (Monroe, 1976), which can
be seen on the southern horizon, and
along the western margin of the
Gravelly /Greenhorn Ranges to the east
(Hadley, 1980). One hypothesis for the
formation of these basin margin hot
springs carbonates, which
stratigraphically appear to cap the
Renova Formation, is that they formed
as a response to the greatly increased
tectonic activity which accompanied the
middle Miocene tectonic event. More
research on the nature and
stratigraphic position of these hot
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Figure 10 – Late Eocene (early Chadronian NALMA) sediments overlain by a
cliff of terrestrial hot springs/lake carbonate. Renova sediments onlap
Paleozoic marine limestone to right. Hot springs algal carbonate may correlate
with similar rocks to south at Table Mountain and along margin of Madison
Valley to the east.

Figure 11 – Unusual limestone conglomerate on ridge north of Fossil
Basin. Grey angular limestone clasts in a reddish matrix. Appears to occur
near the top of the Sixmile Creek Formation in this area.
180

springs deposits is necessary to
evaluate their significance to the
Cenozoic history of the area. Prominent
red horizons may represent paleosols
associated with the middle Miocene
climatic optimum (Thompson et al.,
1981).
Directly across the reservoir
from this point, the hills between Spring
Creek and Fossil Basin are composed of
the Sweetwater Member of the Sixmile
Creek Formation which directly overlies
Renova sediments at this locality. The
red/orange unit at the top of the hill
nearest to Fossil Basin is an enigmatic

conglomerate composed of grey
fragments of carbonate rock supported
by a red/orange matrix (Figure 11).
Interpretations of this unit range from
Cretaceous Beaverhead conglomerate
(Dorr & Wheeler, 1964) to Pleistocene
landslide deposits (Monroe, 1976). Our
favored interpretation is that this unit is
located within the Sixmile Creek
Formation although its significance is
uncertain.
End Road Log – Return to Dillon via
Alder and Twin Bridges or back the way
you came.
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Appendix 1 - GPS coordinates (UTM)
Road Log #1 – Timber Hill and Upper Ruby Valley
Zone, Easting, Northing

Locality

12T, 399797, 4990917

STOP #1

Timber Hill north overlook

12T, 401241, 4990013

STOP #2

Head of Virginia Springs Gulch

12T, 402411, 4989468

STOP #3

Spring Brook

12T, 402248, 4989409

CONG

Spring Brook Conglomerate outcrop

12T, 400480, 4987624

STOP #4

Buttress Unconformity – Hill 6607

12T, 399493, 4987211

STOP #5

Virginia Springs overview

12T, 399251, 4986693

ARCHEAN

Archean basement outcrop

12T, 399864, 4986498

STOP #6

Timber Hill south overlook

12T, 403661, 4992165

STOP #7

Anthill (Cone Hill) overview

12T, 403995, 4992496

STOP #8

Volcanic intrusion – Ant (Cone) Hill

12T, 403534, 4992564

EOCENE

Eocene sediments onlaping volcanic

12T, 405927, 4995006

STOP #9

Gravel Pit – Renova Fm. overview

12T, 408510, 4998363

STOP #10

Caldwell Springs – Passamari delta

12T, 410563, 5004782

STOP #11

Cottonwood Creek – Fossil Basin overview

12T, 412437, 5008349

STOP #12

Ruby Reservoir overview
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Paleogene volcanics, sedimentary deposits, tectonic setting,
paleoenvironment and basin evolution of the Beaverhead Canyon,
Muddy Creek and Sage Creek areas of southwestern Montana, USA
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Introduction
This field trip examines the depositional
systems, tectonic settings and paleoenvironments of the Paleogene sedimentary
and volcanic rocks of southwestern Montana.
During the first leg of the journey, south of
Dillon through Beaverhead Canyon, the field
trip will examine early Paleogene volcanism and
consider the role of pre-existing paleovalleys
and topographic inversion in the development
of early intermontane basins. During the second
and third legs of the trip, Paleogene sediments
deposited under different tectonic boundary
conditions will be examined. In the Sage Creek
area, east of the town of Dell, the field trip will
also examine the influence of the topographic
inversion of the volcanic rocks in the
Beaverhead Canyon area on later Paleogene
sedimentary depositional environments.

and ultimately arriving at Dell, MT. From Dell,
two separate trips will visit the Sage Creek basin
to the east and the Muddy Creek basin to the
west of Dell. Most stops will be along main
roads; however, the field trip will venture off
road in select areas to visit key outcrops. Most
stops on this road log can be viewed from a
vehicle, but several stops involve optional
walking trips to observe Paleogene outcrops
firsthand. Moreover, several important areas,
such as the Sage Creek Formation type section,
cannot be accessed by vehicle but are vital to
understanding the Paleogene history of the
region. All road and walking stops have been
located in the field with a handheld GPS and
these coordinates (in UTM units) are provided
in Appendix 1 as an aid to navigation.

Road Log

Itinerary and Methodology

Leg 1– Dillon to Dell, MT

This field trip will start at Dillon, MT and travel
south along Interstate 15 to Barretts at the
head of Beaverhead Canyon. From here, the trip
will travel mostly along side roads to Clark
Canyon Reservoir, regaining I-15 at that point

Meet at a convenient location in Dillon. Proceed
to Interstate 15 and drive south. The road log
proper will begin at Barretts Park. The section
of the road log through Beaverhead Canyon will
examine the thick section of Paleogene volcanic
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rocks which are exposed along the narrow
canyon cut through this area by the Beaverhead
River. As you drive south, the Blacktail
Mountains stretch across your center of vision,
cut by the notch of the Beaverhead River
directly ahead. Modern topography along the
Blacktail Mountains is controlled by the still
active Beaverhead normal fault. This fault has
been active for approximately the last 6 m.y.
and likely represents a large scale example of
extension occasioned by motion of the North
American plate over the Yellowstone hotspot
(Sears & Thomas, 2007). Uplift of the Blacktail
Mountains disrupted a NE-trending Miocene
paleovalley, with the modern Beaverhead River
likely an antecedent stream still following its
original Miocene course. Stream gravels of the
Big Hole Member of the Neogene Sixmile Creek
Formation, which locally overlie Paleogene
volcanics, were also deposited in this
Beaverhead paleovalley (Sears et al., 1995).
Turn off of the Interstate at Exit 56 and drive
underneath underpass. Turn right onto State
Highway 91 and proceed to Barretts Park at
entrance to Beaverhead Canyon.

must have been a topographic low
during deposition of the Eocene Lower
Dillon Volcanics. The exposed thickness
of Eocene volcanic rocks is over 200
meters which suggests that this area
was a significant early/middle Eocene
paleovalley. The presence of Cretaceous
volcanic rocks in the western part of
Beaverhead canyon underneath lower
Dillon volcanic and sedimentary rocks
(Leeth, 1998) suggests that this area
was a long-lived paleovalley likely with
a Cretaceous ancestry, possibly a valley
draining Cretaceous orogenic highlands
given its orientation generally
perpendicular to Cretaceous Sevier
thrust sheets. For a discussion of the
Neogene tectonics of this area, see Stop
#4 of Sears et al. (1995).
1.0

Road cut of basalt to left across from
railroad bridges. End of pavement just
past basalt outcrop.

1.3

Waterfall to east of off basalt cliffs.

1.9

Stop #2 – Basalt along Railroad cut.
Cross bridge and railroad, park along
side of road. Carefully proceed north
along railroad tracks to outcrop of black
basalt. Fine-grained black basalt is wellexposed in cliff outcrop along the right
side of the railroad tracks. Multiple
intersecting fracture sets are visible in
this otherwise massive basalt flow. A
sample from a rhyolite porphyry, a little
to the south along the west bank of the
river, yielded a K/Ar age date of 38.9 +/1.7 Ma (Chadwick, 1978). This rhyolite
tuff likely underlies the basalt at this
location.

Mileage
0.0
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Stop #1 – Barretts Park (Figure 1 & 2).
Stop at parking lot near grassy area.
Across stream is an impressive cliff of
black basaltic lava whose continuation
can be seen across the interstate to the
west. At least 600 ft of relief are
present on the lower Dillon Volcanics at
this point. A whole rock K/Ar age date
of 43.3 +/- 2.3 Ma was obtained from a
rhyolite tuff interbedded with basalt
across the highway approximately 0.5
mile to the south (Fritz et al., 2007).
Lower Dillon Volcanic lithologies in
Beaverhead Canyon include subalkalinic andesite and dacite tuffs
interbedded with low-silica alkalinic
basalts (Leeth, 1998).
Since lava and pyroclastic flows
follow the path of least resistance
under the influence of gravity, this area

Return to vehicles and proceed south
on Frontage road.
11.9

Stop #3 – Turn into wide shoulder at
right along river. On the skyline to the
northeast is an outcrop of rounded
cobble conglomerate of the Big Hole
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Member of the Sixmile Creek Formation
overlying Paleogene volcanics with
angular unconformity (Figure 3). During
the middle Miocene, this area was tilted
and onlapped by Sixmile Creek
Formation sediments within the
Beaverhead paleovalley (Sears et al.,
1995). This area was later uplifted as a
fault block in the footwall of northwesttrending normal faults related to the
Yellowstone hot spot. The Beaverhead
River is likely an antecedent stream, a
modern day remnant of the middle
Miocene paleovalley. A thin veneer of
Sixmile Creek sediments is still present
overlying Paleogene lower Dillon
volcanic rocks. A railroad cut traverses
this area and can be accessed from the
steep road at the curve of the main
road back the way you came (Sears et
al., 1995).
Return to vehicles and continue south
along frontage road.
12.5
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Stop #4 – Clark Canyon Reservoir. Stop
at gravel parking area between
interstate onramp and dam. From this
locality the gross structure of the area
can be observed. Across the dam,
Cretaceous synorogenic Beaverhead
conglomerate is present in the footwall
of the Cretaceous Sevier fold and thrust
belt. The leading edge of the overthrust
hanging wall is represented by the
Paleozoic carbonates which make up
the ridge on the skyline above the dam.
It is hypothesized that the Paleogene
volcanic rocks occupy a paleovalley
oriented perpendicular to the thrust
front. This paleovalley has likely has a
Cretaceous ancestry. The thick pile of
durable volcanic rock was
topographically inverted during the
Eocene and supplied sediment to the
middle Eocene (Bridgerian NALMA)
volcaniclastic sandstones of the Sage

Creek Formation which will be visited
on the second leg of this road log.
Return to vehicles and drive across
dam. Proceed along lake front road to
Stop 5.
22.0

Stop #5 – Stop along left side of road at
prominent road cut developed in
layered lake deposits (Figure 4). You
may want to drive past and turn around
first at a more convenient location.
These tilted lake beds represent
deposition in an area of active
Paleogene extension – the Grant
Protobasin of Janecke (2007). This area
of extension coincides with the trace of
the Cretaceous fold and thrust belt and
is likely the result of extensional
collapse of unstable, over-thickened
crust. Alternating layers of different
kinds of sedimentary rocks are likely
due to lake level fluctuations caused by
a variable climate or tectonic
movements. These road cuts, modified
from their original form by later road
work, host the Horse Prairie section of
the Beaverhead Basins paleoflora of
Becker (1969). This fossil plant flora is
early Oligocene in age and contains
vegetation from multiple habitats which
surrounded the lake basins. A high
elevation coniferous forest association
indicates the presence of high relief in
close proximity to the lake basin. Fossil
plant specimens can still be found in
this area, especially in the deeper water
laminated lake shales.
Return to vehicles, backtrack to
Interstate 15 and proceed south to Dell,
Montana.
End of first leg of road log.

Figure 3 – Big Hole Member fluvial conglomerates overlying Eocene
volcanics in railroad cut east of Beaverhead river.
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Figure 4 – Tilted Oligocene lake beds along road cut west of Clark Canyon
Reservoir. Different layers represent deposition in various lake margin
and open lake environments.

Leg 2 – Dell to Sage Creek Basin
Mileage
0.0

The second leg of the field trip begins
from the finishing location of the first –
the town of Dell, Montana just off of
Interstate 15 (Figure 5). Proceed to the
Dell Merc parking lot. Reset mileage
here. Turn left leaving the Dell Merc
parking lot and then turn right at stop
sign.

0.5

Proceed north parallel to interstate and
turn right onto the Sage Creek road

3.2

Turn left and cross Sage Creek

4.0

Turn right at ranch buildings proceed
along Sage Creek road parallel to north
bank of Sage Creek. Red rocks in road
cut near ranch buildings are Cretaceous
Beaverhead conglomerate.

5.5

To left (north) poorly exposed, lightcolored siltstones belong to Uintan Dell
Beds Member of Renova Formation.
These Eocene deposits are overlain by
younger pediment deposits which have
been dissected by Pleistocene to
Holocene stream processes. To right,
prominent dark-colored linear ridge
capping hill south of Sage Creek is ~ 6
Ma basalt flow correlated with Timber
Hill basalt. This Pliocene basalt flow
outlines a dissected inverted
paleovalley of probable middle Miocene
ancestry (Sears and Thomas, 2007).

7.1
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Well-exposed sandstone layers to left
are an isolated outcrop of the
Oligocene Cook Ranch Member of the
Renova Formation. This outlier
demonstrates that the Cook Ranch
Member was once more widely
distributed and has subsequently been
removed by erosion to expose the older
Dell Beds Member.

7.8

Stop #1 - Douglass Draw entrance
(Figure 6). Turn off to left and proceed
through gate onto BLM land. Close gate
behind you – cattle graze on these
lands. The hills on either side of the
primitive road are composed of the
dominantly fine-grained Dell Beds
Member of the Renova Formation. This
unit contains Uintan NALMA (Eocene)
fossils and is interpreted as the finegrained distal (far from source) portion
of an alluvial fan flanking higher ground
to the west-northwest . Overlying the
Dell Beds Member in most places is
float derived from the Neogene Sixmile
Creek Formation or younger units. From
here, the field trip will proceed up
Douglass Draw to visit several locations
of interest in the Dell Beds Member and
the older Sage Creek Formation. The
primitive jeep track is washed out up
ahead so these locations will have to be
visited on foot. This part of the field
trip can be physically challenging, so
you may prefer to return to main road
and continue on to stop #2.
If you wish to continue, proceed up
Douglass Draw as far as you reasonably
can and then continue on foot to
Waypoint 1a.
Waypoint 1a. At this locality, several
coarse-grained sandstone and
conglomerate beds can be observed
surrounded by typical Dell Beds
Member mudstone and siltstone. Most
of these coarse-grained units are in the
form of cut channels, some of which
show a fining upward trend from large
angular clasts to coarse sandstone and
pebble conglomerate. Clast-supported
conglomerates are frequently
imbricated and show a consistent flow
direction toward the east/southeast.
Clast compositions indicate derivation
from the Cretaceous Beaverhead
Conglomerate and the Eocene Hall
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Figure 6 – Google Earth image of Douglass Draw area looking east . Paleogene
sediments young toward the east. See Fig 7 for close up of Sage Creek type
section (black box).

Springs basalt both of which outcrop to
the west/northwest. These cut channels
are interpreted as the result of high
energy discharge events – likely
seasonal floods in a dominantly arid
environment. Toward the top of this
draw, well-developed calcic paleosols,
typical of arid climates with alternating
wet and dry seasons, are found. Round
concretions, often the size and shape of
golf balls, can also be observed in the
Dell Beds Member.
Proceed uphill in the direction of
Waypoint 1b toward the northwest.
Waypoint 1b – The top of this hill
provides an excellent overview of the
middle Eocene Sage Creek Formation
(Figure 7). The Sage Creek Formation is
a multistory fluvial sandstone unit
which is separated from the overlying
Dell Beds Member of the Renova
Formation by a major unconformity. To
the west, low hills of reddish
weathering conglomerate of the
Cretaceous Beaverhead Formation can
be seen. Proceed downhill towards
Waypoint 1c.
Waypoint 1c – Base of the Eocene Sage
Creek Formation. The Sage Creek
Formation is composed of trough crossbedded volcaniclastic sandstone beds
stacked on top of each other. Channels
have been eroded into older sandstone
beds and filled with younger channel
fill. Crossbed orientations and aligned
wood fragments indicate flow from the
north/northwest likely off of
topographically inverted middle Eocene
volcanic flows in the Beaverhead
Canyon area. Near the base of this
outcrop, a biotite-rich airfall tuff is
present – likely derived from the
contemporary Challis volcanic field to
the west. The first prominent sandstone
ledge above this tuff was sampled for
detrital zircon analysis (Rothfuss et al.,
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2012). The age of the youngest zircon in
this sample suggests that the basal Sage
Creek Formation is no older than ~46
Ma which is consistent with Bridgerian
NALMA fossils (Tabrum et al., 1997).
The majority of the zircons are in the
46-47 Ma age range, consistent with
derivation from middle Eocene volcanic
in the Beaverhead Canyon area.
Proceed uphill toward Waypoint 1d.
About a third of the way up, observe
the unconformity between the Sage
Creek and Dell Beds. This surface
represents a major hiatus in sediment
deposition. To the northwest, the Hall
Springs basalt flow was emplaced on
this surface.
Waypoint 1d – At this location, a thick
conglomerate layer occurs within the
Dell Beds Member. This conglomerate
fills an eroded surface and contains
cobbles which appear to be derived
from local sources immediately to the
west – the Cretaceous Beaverhead
Conglomerate and the Hall Springs
Basalt. Conglomerate beds become
thicker, laterally continuous and
abundant toward the west suggesting
proximity to source. It is theorized that
the smaller conglomerate filled
channels at Waypoint 1a are the distal
equivalents of these near source
conglomerate layers.
Proceed back downhill toward
Waypoint 1e. Observe the large scale
trough in the Sage Creek sandstone at
Waypoint 1e as you approach from
above. Also note sandstone onlapping
reddish hill across gully. This may be an
example of a partly exhumed hill of
Beaverhead Conglomerate buried and
now unearthed by modern erosion.
Waypoint 1e - At this location,
sedimentary structures within the Sage
Creek sandstones can be easily
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Figure 7 – Type section of the Sage Creek Formation looking north.
Walking tour stops 1c – 1f shown. Photo taken from walking tour stop 1b.
Major unconformity exists between Bridgerian Sage Creek and Uintan
Dell Beds Member of Renova . Late Cretaceous Beaverhead Formation
conglomerate outcrops to left.

observed. Trough cross-bedding on
multiple scales is present throughout
this outcrop, itself a large trough. Along
the western side of this large trough, a
silicified log is present parallel to the
long axis of the trough oriented in the
direction of flow, toward the
south/southeast. A horizontal layer of
gypsum is also present, easily observed
along the northern rim of the trough.
Gypsum is present at intervals within
the Sage Creek Formation and is
indicative of a seasonally dry climate.
Return to vehicles. The most direct
route is normally through the (usually)
dry stream channel which crosses
behind the reddish hill directly across
the gully to the south. This creek bed
enters Douglass Draw south of
Waypoint 1a.
Leaving Douglass Draw – Close gate
behind you. Turn left onto Sage Creek
road.
8.8
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Stop #2 – Cook Ranch Member type
section (Figure 8). Park along the side of
the road. The outcrop to the north of
the road is the Cook Ranch type section.
Renova sediments of the Cook Ranch
Member contain Chadronian and
Orellan mammal fossils, which along
with magnetostratigraphic studies
indicate that these sediments straddle
the late Eocene/early Oligocene
boundary (Tabrum et al., 1997). On this
side of the hill, the Orellan Cook Ranch
Fauna and a correlated zone of mostly
normal polarity suggest that these
sediments represent early Oligocene
deposition. At the summit of the hill,
conglomerate of the Big Hole member
of the sixmile Creek formation overlies
the Renova sediments separated by an
angular unconformity. Within the Cook
Ranch Member, several features of
interest relevant to the interpretation
of climate and environmental

conditions during the early Oligocene
are present. The remainder of this stop
will consist of a walking tour of this
locality.
Leave vehicles and proceed north
toward GPS waypoint 2a. Note
red/black basalt float underlying Cook
Ranch Member at this location. The
significance of this volcanic material is
unknown; however, it is possible that it
is a basalt flow on the unconformity
between the Dell Beds and Cook Ranch
Members of the Renova Formation.
Waypoint 2a – Caution: avoid walking
on Renova outcrops as footing is
unstable especially on unvegetated
surfaces. At this location, along the
northeastern rim of the outcrop area,
about seven discrete airfall tuffs form
prominent white layers which can be
traced laterally across the entire
outcrop face. These airfall tuffs are
likely fallout from explosive rhyolitic
caldera eruptions in the Great Basin.
Interlayered mudstones and siltstones
contain a high proportion of volcanic
material likely reworked from ash
deposited by these same eruptions at
higher elevations. Prominent ledges and
lenses are composed of sandstone and
conglomerate layers and channels.
Towards the top of the hill toward the
center of the outcrop are several
prominent conglomerate lenses. These
represent cut channels which contain
multiple fining-upward sequences. Each
individual sequence is composed of
basal breccias which grad upwards to
coarse sandstone. The sedimentary
depositional environment is interpreted
to be a dominantly fine-grained, distal
alluvial fan which contains tabular
sheetflood sandstones, thin ephemeral
cross-bedded fluvial sandstones and cut
channels filled with high discharge flood

Figure 8 – Cook Ranch type section. Oligocene Cook Ranch Member of
the Renova Formation overlain by Miocene Big Hole Member of the
Sixmile Creek Formation with angular unconformity. Walking tour stops
2a – 2c are shown.
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deposits all encased in volcaniclastic
siltstones and mudstones.
Proceed carefully towards the
southwest along the base of the
outcrop area to Waypoint 2b.
Waypoint 2b – Warning: watch your
footing on this outcrop especially on
steep and unvegetated slopes. This
location presents several features of
interest relevant to the interpretation
of early Oligocene climate and
sedimentary depositional
environments. A thin, cross-bedded
sandstone sheet extends across this
outcrop several meters above the base.
This sandstone has a well-developed
pebble lag at the base and is
interpreted as a small ephemeral
stream which meandered across the
low gradient distal portion of an alluvial
fan. Very small, freshwater gastropods
are present in this fluvial sandstone.
Dwarfed versions of many species are
often found in arid environments.
Additional evidence of an arid climate is
present in the form of highly developed
calcic soil horizons (calcisols). This type
of paleosol is characteristic of arid
environments where calcium carbonate
is alternately dissolved and reprecipitated in a dry environment with
seasonal wet periods. In some places
these paleosol layers have become
interconnected, forming a threedimensional network. A couple of tuff
layers, which can be visually traced
across the outcrop, are also visible.
These layers are a useful datum to
gauge the tilt of the Renova section
which is toward the southeast – in the
direction of the Snowcrest Range which
can be seen on the horizon to the
south.
Carefully walk to the edge of the
outcrop and proceed uphill along the
grass fringe which borders the south
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rim of the outcrop area. Avoid walking
off the grassy area as footing on the
bare rock surfaces is quite hazardous.
Waypoint 2c. From the top of the hill,
the angular unconformity between the
Paleogene Renova Formation and the
Neogene Sixmile Creek formation can
be directly observed. The rounded
cobble, fluvial conglomerate topping
the hill is the Big Hole Member of the
Sixmile Creek Formation. This unit
represents deposition in a major
through going stream and contains
exotic clasts with an Idaho provenance.
This stream flowed northeast along the
middle Miocene Beaverhead
paleovalley. Streaching from south to
west across the horizon are other
remnants of this Miocene paleovalley
including more Big Hole Conglomerate
as well as a dissected linear black ridge
of basalt to the southwest – the ~ 6.0
Ma Timber Hill basalt. For a more
detailed discussion of the significance of
this Miocene paleovalley see Sears et al.
(1995). Using the white tuff layers as a
visual cue, the angular nature of the
middle Miocene unconformity can be
seen. Looking northeast, older Dell Beds
Member outcrops are present.
Magnetostratigraphic work and fossil
mammal biostratigraphy suggest that
the Eocene/Oligocene boundary may be
present near the base of this hill. The
Chadronian (late Eocene) Little Spring
Gulch local fauna is found in a
stratigraphically low position in the
Cook Ranch Member (Tabrum et al.,
1997). To the east, across Sage Creek,
white fine-grained sediments of the
Whitneyan and Arikareean (Oligocene
to early Miocene) age Blacktail Deer
Creek Member form the low undulating
hills. Resistant layers capping hills are
Big Hole conglomerate beds.
End Road Log – Return to Dell.

Paleogene Muddy Creek fault zone. This
area is also the footwall of modern
normal fault which bounds the Tendoy
Range. During Cretaceous time this
area was subjected to a considerable
amount of crustal shortening as
evidenced by the Tendoy, Four Eyes
Canyon and Medicine Lodge thrust
plates.

Leg 3 – Dell to Muddy Creek Basin
Mileage
0.0

0.2

Field trip begins at the Dell
Merc parking lot in the town of Dell,
Montana. Red Butte, the prominent red
bluff to the east, is composed of
Cretaceous Beaverhead conglomerate.
This syntectonic conglomerate was
shed from Cretaceous thrust sheets
(Medicine Lodge, Tendoy, etc.) to the
west. Turn left out of Dell Merc parking
lot, drive through stop sign and
underneath interstate underpass.
Turn left onto Westside Frontage Road
at sign for Big Sheep Creek. Tendoy
Range directly ahead on horizon.
Prominent peaks are Dixon Mountain to
the right and Timber Butte to the left
separated by Little Water Canyon.

9.6

Cross cattle guard. Muddy and Big
Sheep Creek basins open straight
ahead. Note westward dipping
Paleozoic strata in cliffs to north and
northeast on flank of Dixon Mountain.
Crossing approximate location of
Paleogene Muddy Creek normal fault
zone.

9.8

Turn right onto Muddy Creek Road
(BLM road # 1829). Road through
Muddy Creek Basin crosses both BLM
and private access land – stay on road
while crossing private access land. The
road cuts down section - from
Oligocene sedimentary basin fill to
middle Eocene volcanic and
volcaniclastic sediments.

1.5

Good view of the internal stratigraphy
of the Beaverhead Conglomerate on
south side of Red Butte to left.

1.8

Turn right onto Big Sheep Creek road.

4.0

Road crosses small linear hill. This hill
represents the fault scarp of the active
normal fault along the front of the
Tendoy Range. Poorly sorted
conglomerate of Sixmile Creek
Formation is exposed in this road cut.
Road ahead crosses through narrow
valley cut through Tendoy Range by Big
Sheep Creek. Canyon walls also expose
internal structure of Cretaceous thrust
sheets and Paleogene normal faulting.

10.2

Crossing fence line and gate. Paleogene
sedimentary rocks exposed ahead –
resistant ledges are conglomeritic
channels cut into fine-grained siltstones
and sandstones. Note gentle eastward
tilt of Paleogene beds compared to
steeply dipping Paleozoic Quadrant
Formation exposed on southwest slope
of Dixon Mountain. Paleogene
sediments are tilted eastward into
Muddy Creek normal fault zone.

4.4

More Sixmile conglomerate in road cut
to right.

10.5

6.0

South side of Dixon Mountain.
Paleozoic Quadrant quartzite in
roadcuts and cliff outcrops to right.
Road crosses through footwall of

Stop #1. Climb slope to right to view
conglomerate lenses cut into finegrained Paleogene sediment. These
deposits correspond to Facies 5 of
Janecke et al. (1999) and represent the
youngest (Oligocene) Paleogene basin
fill of Muddy Creek basin. Toward the
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east, the unit becomes coarser-grained
grading to alluvial conglomerate
deposits along the edge of the Muddy
Creek footwall. Clasts are
predominately angular boulders and
cobbles of Quadrant quartzite derived
from the Muddy Creek normal fault
footwall directly to the east. Janecke et
al. (1999) documented clast
compositions which can even be traced
to individual portions of the footwall
demonstrating the existence of locally
derived alluvial fans. Clast imbrication
also indicates derivation from Dixon
Mountain to the east. During the later
stages of the evolution of Muddy Creek
basin these coarse-grained alluvial
deposits prograded throughout most of
the basin covering the older lacustrine
and fluvial deposits. This change
corresponds roughly to the final
descent into ice-house climatic
conditions across the Eocene/Oligocene
boundary.
10.9

12.6
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Lacustrine and fluvial beds to right are
covered with a thin drift of Quadrant
quartzite cobbles. These beds
correspond to Facies D of Janecke et al.
(1999) and are late Eocene to earliest
Oligocene (Chadronian NALMA) in age
based on the mammal biostratigraphy
work of Dunlap (1982). This would
make them roughly time equivalent to
the alluvial fan deposits of the Cook
Ranch type section (Stop #2 of Leg 2 of
this road log). Lake beds are commonly
organic –rich and thin bedded. Note
that organic-rich beds in this unit tend
to weather to lighter colors. Lacustrine
beds of this unit continue to the north
for next several miles. To the east,
toward the footwall, these lake
sediments grade to conglomerate
similar to that at stop #1.
Stop #2 – Trail Creek road turnoff. Turn
off and park at Trail Creek road (BLM

Road #1830) turnout. Best exposure of
organic –rich, lacustrine shale facies
(Facies D of Janecke et al. (1999)) is in
semi-circular box canyon to right of
road. Dark organic-rich shale (lighter
colored when weathered)
predominates but is interlayered with
siliceous shale, lignitic coal, limey
mudstone and minor sandstone layers
(Figure 9). Ash is uncommon suggesting
the cessation of most local igneous
activity by this time (Janeke et al.,
1999). Sandstone units are welllaminated, tabular and contain
abundant crossbeds. Plant debris,
especially wood fragments are
common, in the dark brown organic rich
shale layers. These deposits have been
interpreted as shallow freshwater pond
and lake margin environments (Janeke
et al., 1999) considering the
interlayered cross-bedded sandstone
layers and coal seams. However, the
presence of well-preserved organic
debris and paper shale suggest that
poorly oxygenated conditions without
bioturbation were present over a wide
area. A deeper lake environment is an
alternate explanation if tabular
sandstone deposits are either turbidites
or representative of temporary lake
level drops. These lake deposits
represent a significantly different
depositional environment from the
roughly contemporary sediments in
Sage Creek despite their close proximity
to each other.
If you wish to examine these lake beds
up close, proceed across road, cross
fence (carefully) and walk to Waypoint
2a. This is one of the most easily
accessible areas where the lacustrine
beds are well exposed.
When finished, return to vehicles and
continue north.

Figure 9 – Lake beds in the Muddy Creek Basin. Lake beds tilt eastward
into basin bounding fault of Paleogene age.
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13.7

Stop #3 – To the right are more lake
and fluvial deposits of Facies D of
Janecke et al. (1999). Fossil mammal
remains from this locality and Stop #2
are early Chadronian (early late Eocene)
in age and come primarily from high in
the section (Dunlap, 1982). Waypoint
3a marks the location of a thin, laterally
persistent cross-bedded sandstone
containing abundant freshwater
invertebrates which can be visited on
foot. This sandstone is encased in dark
shale and could be a fluvial deposit, or
alternatively, a turbidity flow. Correct
interpretation of these coarse grained
deposits has important implications for
the interpretation of the lake beds
especially as regards their depth and
paleoenvironmental implications.

14.2

The Johnson Creek area. To the east
along this stretch of road, beyond the
Cenozoic lake beds, are Mesozoic rocks
within the hanging wall of the
Cretaceous Four Eyes Canyon thrust
fault. The modern canyon between
Dixon Mountain and Timber Butte is
occupied by the Little Water Syncline, a
fold in the footwall of the Cretaceous
thrust. The south side of Timber Butte is
folded by the paired Timber Butte
Anticline. The Paleogene Muddy Creek
normal fault appears to be localized
above a Cretaceous thrust ramp - an
example of fault reactivation likely
related to extensional collapse of
overthickened and thermally weakened
crust.

15.4
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Stop #4 – Ranch buildings at McNinch
Creek. To the east of the corrals, more
lake deposits of Facies D can be seen
tilted approximately 30 degrees to the
east into the Muddy Creek basin normal
fault. To the west, across Muddy Creek
are distinctive white layers of
tuffaceous siltstones and shales
belonging to Facies C of Janecke et al.

(1999). These are well-laminated
tuffaceous shales and mudstones with
minor sandstone, limestone and wellrounded and sorted pebble
conglomerates. These deposits
represent a shallow freshwater lake
margin, stream and marsh setting.
Facies C may represent a shallower
water setting compared to the organic
rich shales of Facies D. Alternatively, it
may reflect a reduction in the influx of
volcanic material in the later Eocene.
The contact between Facies C and D
appears to be gradational, suggesting a
long lived lake basin which persisted for
approximately 10 m.y. (Janeke et al.,
1999). Further to the north/northwest
in the higher elevations, primary
volcanic and related volcaniclastic rocks
can be seen. These deposits are synrift
volcanics related to the middle Eocene
Challis volcanic field to the west in
Idaho.
END ROAD LOG HERE – Turn around and return
to junction with Big Sheep Creek road
and from their retrace your steps back
to Dell.
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Appendix 1 - GPS coordinates (UTM)
Road Log #1 – Dillon to Dell via Beaverhead Canyon
Zone, Easting, Northing

Locality

12T, 363131, 4998594

STOP #1 – Barretts Park

12T, 362289, 4997158

STOP #2 – Railroad Cut – volcanics

12T, 355239, 4986075

STOP #3 – Sixmile overlying volcanic

12T, 355426, 4986474

VOLCANICS – along railroad cut

12T, 353871, 4984287

STOP #4 – Clark Canyon Overview – overthrust belt

12T, 340715, 4984572

STOP #5 – Grant roadcut – Lake Beds

12T, 365346, 4953632

DELL MERC - end road log here

Road Log #1 – Dell to Sage Creek Basin
Zone, Easting, Northing

Locality

12T, 365346, 4953632

Dell Merc - begin road log here

12T, 374963, 4955284

STOP 1 - Douglass Draw entrance

12T, 374906, 4956621

Waypoint 1a – Dell Beds conglomerate

12T, 373967, 4956866

Waypoint 1b – Overview of Sage Creek type section

12T, 373946, 4956979

Waypoint 1c – Cross-bedded sandstone & tuff

12T, 373921, 4957015

Waypoint 1d – Unconformity - Sage Creek & Dell Beds

12T, 373563, 4957379

Waypoint 1e – Conglomerate in Dell Beds

12T, 373941, 4957011

Waypoint 1f – Sage Creek trough X-beds and fossil log

12T, 376204, 4956059

STOP #2 – Cook Ranch Member type section

12T, 375955, 4956359

Waypoint 2a – Air fall tuffs in Cook Ranch Member

12T, 376047, 4956209

Waypoint 2b – Paleosols and fluvial sandstone bed

12T, 375955, 4956125

Waypoint 2c – Unconformity between Sixmile and Renova
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Road Log #1 – Dell to Muddy Creek Basin
Zone, Easting, Northing

Locality

12T, 365346, 4953632

Dell Merc - begin road log here

12T, 356531, 4944598

STOP #1 – Conglomerate

12T, 354514, 4947342

STOP #2 – Trail Creek turnout

12T, 354547, 4947643

WAYPOINT 2a – Lake Beds

12T, 353832, 4948543

STOP #3 – Lake Beds overview

12T, 354154, 4948543

WAYPOINT 3a – Fluvial bed

12T, 353599, 4949233

JOHNSON CREEK - Overthrust overview

12T, 352767, 4951413

STOP #4 – McNinch Creek
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Conclusions and Recommendations for Future Research
In summary, the most important conclusions of the six preceding papers are as follows:
A) The global trend toward a cooler and drier climate from late Eocene to early Oligocene time is
strongly confirmed for the northern Rocky Mountain region by both qualitative and quantitative
analysis of fossil plant material. In the continental interior of North America, drying appears to
have been a more important factor in the observed changes in geology and vegetation.
B) Paleogene southwestern Montana was not a featureless volcanic plateau. Multiple lines of
evidence point to the existence of significant paleotopography in areas consistent with
lithological differences caused by Cretaceous orogenic movements and plutonic activity.
However, no conclusive evidence for Paleogene normal faulting has been observed to date.
Relief is most likely due to differential erosion rates caused by the presence of lithologies with
significantly different susceptibilities to mechanical and chemical weathering.
C) Paleoaltitude estimates calculated from mean annual temperature differences between inland
and coastal paleofloras suggest a consistently high elevation of ~2.0 – 2.5 km in southwestern
Montana during the late Eocene and early Oligocene. It is theorized here that the most likely
explanation for this observation is that largely undeformed, cold rigid Archean lithosphere
supported high paleoelevations throughout the Paleogene and into the early Neogene. Changes
to the structure of the lithosphere, and therefore also to its ability to support deep crustal roots
and high elevations, were caused by the indirect effects of the Yellowstone hot spot plume head
beginning in the middle Miocene.
D) Changes in the geodynamic structure and stability of the lithosphere are evident in the timing,
nature and extent of extension in southwestern Montana. The results of this study support the
view that the middle Miocene represents the dividing line between an older non-extensional
and a younger extensional tectonic regime. Crust west of the Sevier fold and thrust belt (which
itself reactivated older crustal structures) underwent extensional collapse soon after the end of
Cretaceous horizontal compression, while the stable craton underlain by Archean basement east
of the Sevier fold and thrust belt remained in a stable geodynamic state until additional stress in
the form of the Yellowstone hotspot initiated extensional collapse driven by buoyancy forces in
the middle Miocene. This dichotomy is evident in the differences seen in the sedimentary basin
evolution of the adjacent Muddy Creek and Sage Creek basins – one within the
Tendoy/Medicine Lodge overthrust belt and the other underlain by Archean basement east of
the overthrust belt.
The results of this study suggest the following recommendations for future research in the Paleogene of
southwestern Montana.
A) The paleofloras of southwestern Montana would benefit from more detailed taxonomic work. It
seems likely that many specimens currently assigned to extant taxa are actually representatives
of extinct lineages. This is an important consideration given that this time period represents a
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fundamental shift in climate and available habitat. A high turnover rate of species seems likely
during this timeframe. Moreover, except for some Beaverhead Basins localities, the palynology
of these deposits is unknown. Since many plant families have a higher likelihood of preservation
of their pollen than their leaves or wood, palynology studies would allow a more comprehensive
reconstruction of the vegetation across the Eocene/Oligocene boundary in the northern Rocky
Mountains.
B) Details of the exact nature of the middle Miocene tectonic event are needed in order to test any
model of the Cenozoic evolution of southwestern Montana. The “delayed extensional collapse”
model presented here makes specific predictions concerning the nature of the middle Miocene
event which are amenable to testing. If extension during the middle Miocene was driven by
buoyancy forces stored in the form of deep crustal roots and high paleoelevations then normal
faulting should be localized in areas with the thickest crust and with pre-existing zones of crustal
weakness (i.e. above major thrust ramps in compressional orogenic belts). Therefore the middle
Miocene event should show a close correlation with reactivated thrust ramps parallel to major
thrust belts such as the Snowcrest/Greenhorn and Hilgard thrust belts. Paleovalleys formed
during the middle Miocene should bear a close relationship to compressional orogenic belts. For
example, the Ruby paleovalley appears to parallel and dip into the Snowcrest/Greenhorn thrust
belt. A middle Micoene paleovalley is predicted to exist parallel to, and dipping into, the
Madison Range bounding normal fault – which is presumably the reactivated Hilgard thrust
ramp. Unusual gravel deposits in the Gravelly Range, some containing apparent Belt supergroup
equivalent quartzite clasts with no known local source, may be remnants of this proposed
middle Miocene ancestral Madison valley. Unusual hotspring carbonates which occur at or near
the top of the Renova Formation, usually localized near basin margins, may be attributable to
increased middle Miocene tectonic activity and related deep circulation of meteoric waters
along active normal faults.
C) More research on the response of Paleogene sedimentary depositional systems to different
types of climatic and tectonic forcing is needed in order to develop a more detailed history of
the evolution of the intermontane basins of southwestern Montana. Moreover, many areas
have not been subject to detrital zircon analysis, a methodology which has demonstrated its
value as a tool for reconstructing clastic sediment source areas and stream drainage patterns.
The discovery of unequivocal evidence for the existence of Paleogene normal faulting (which is
not the same as proving the existence of topographic relief) in southwestern Montana would
serve to disprove the conclusions of this study, so evidence for active extension should be
sought in the Renova Formation. Lack of evidence for active normal faulting during deposition of
the Renova Formation is a necessary, but not sufficient, criterion for acceptance of the scenario
laid out here for the development of the intermontane basins of southwestern Montana.
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